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of binding to a B cell linker protein, and for screening for a bioactive agent capable of 
modulating the bioactivity of a B cell Linker Protein. 



Amendments : 

Claims 1-22 have been canceled without prejudice or disclaimer. New claims 23 
34 have been added. 



Response to rejections : 
35 U.S.C. S 101: 

Claim 16 stands rejected under 35U.S.C. § 101 as not being supported by either a 
specific asserted utility or a well established utility. In this regard, the Office Action states 
at page 2: " the specification fails to identify any disease or condition treatable with a 
BLNK protein in a pharmaceutical composition." Applicants respectfully traverse the 

rejection. ^. ... , . ^\0./:KZir , i4}4£^^%^:B^^.^a^^'■^-^ ^^m-iY 4f-^f>-^ 

The new guidelines for determining utility r^^^ fe^i 

To review the proper standard for supporting rejections based on lack of utility 
under § 101 (or the how to use requirement of § 112, first paragraph). Applicant turns to 
the new guidelines set forth by the Patent Office for determining utility, referred to herein 
as "the guidelines". As the guidelines were issued by the Patent Office, Applicant has not 
enclosed a copy herein. First, Applicant points out that these guidelines are applicable to 
rejections both for lack of utility under 35 U.S.C. § 101 and for failing to teach "how to 
use" for in vivo therapeutic or pharmacological utility under 35 U.S.C. § 1 12, first 
paragraph (page 296, left column, lines 30-35 and page 300, right column of the 
guidelines). 

The guidelines specifically indicate that a rejection is proper only in the "rare 
instance" where an assertion of specific utility for the invention made by an applicant is 
not credible to one of ordinary skill in the art (pages 296-298 of the guidelines). 

Regarding the qualifications for "credibility", the guidelines indicate that a specific"" 



assertion of utility not only creates a presumption of utility, but also is deemed credible 
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"unless (a) the logic underlying the assertion is seriously flawed, or (b) the facts upon 

which the assertion is based are inconsistent with the logic underlying the assertion" (page 

303 of the guidelines, emphasis supplied). 

Applicant also points out the discussion in the guidelines with regard to in vitro 

experimental data and the requirement for human clinical data. Specifically, page 306, 

right column, states: 

If reasonably correlated to the particular therapeutic or pharmacological utility, 
data generated using in vitro assays.... almost invariably will be sufficient to 
establish therapeutic or pharmacological utility for a compound, composition or \ 
process. In no case has a Federal court required an applicant to support an asserted 
utility with data from human clinical trials, (Emphasis supplied). 

This section of the guidelines further states that primary responsibility for determining the 
existence of a therapeutic or pharmacological utility for a compound, composition or 
method in humans lies with those who are "especially skilled in the art" at the U.S. Food 
and Drug Administration, not with the U.S. Patent Office. 
Summary of the guidelines 

Applicant, therefore, summarizes the new guidelines to state the following: 

(a) all that is needed to create a presumption of utility is a credible assertion of 
utility made by the Applicant; 

(b) the assertion is considered credible unless the underlying logic of the assertion 
is seriously flawed or the logic is valid but the facts are not consistent with the logic; and 

(c) in vitro data is invariably sufficient to establish therapeutic or pharmacological 
utility for a compound so long as a reasonable correlation between the data and the 
assertions of utility can be established. 

Under the proper standard, the invention has utility 

Applicant submits that (a) an assertion of utility has been made, (b) the logic is not 
seriously flawed and the facts are consistent with the logic, and (c) that the data presented 
in the specification is reasonably correlated with the purported utility. 
The assertion of utility 

Applicant asserts that a pharmaceutical composition comprising a BLNK protein 
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can be used to treat diseases involving B cells. Particularly, Applicant asserts that a 
pharmaceutical compound comprising a BLNK protein is useful for the treatment of 
diseases associated with altered B cell activation, including uncontrolled B cell growth. 



perturbed B cell differentiation, and perturbed immune system function. 
The lo2ic is not seriously flawed 

The logic underlying the assertion of utility is that if a BLNK protein affects 
signaling mechanisms that lead to B cell activation, and alterations in B cell activation are 
associated with particular dysfunctions, then said dysfunctions will be beneficially treated 
by administration of a pharmaceutical compound comprising a BLNK protein. Put in an 
even more simplified manner, the premise is that administration of a substance A which 
affects mechanisms regulating the presence of process B, will beneficially treat 
dysfunctions associated with the inappropriate presence or absence of process C. 
Applicant submits that the determination of utility at this point in the analysis does not 
require a review of previous studies on this subject, nor a review of the contents of the 
specification. Applicant merely submits that this underlying logic is "not seriously 
flawed". Therefore, under the new guidelines, the assertion of utility made by the 
Applicant is thus far presumed valid. 
The facts are consistent with the logic 

Moving on to an examination of the facts, Applicant submits that the facts 
presented are consistent with the logic underlying the assertion of utility. Particularly, the 
facts show that BLNK protein affects signaling mechanisms that lead to B cell activation. 
More specifically, the facts show that BLNK protein interacts with intracellular signal 
transducing proteins that transduce signals leading to B cell activation, and that BLNK 
protein is capable of modulating at least one intracellular signal that leads to B cell 
activation. The facts further show that these protein associations take place when signals 
inducing B cell activation are initiated, and that BLNK protein normally undergoes post- 
translational modification following signal initiation. These data suggest that BLNK 
protein normally plays a role in B cell activation. 

The facts also show that aberrant B cell activation is associated with particular 
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dysfunctions, including uncontrolled B cell growth, perturbed B cell differentiation, and 
perturbed immune system function. More recent studies support Applicant's original 
assertion of utility, further showing that changes in signaling mechanisms leading to B cell 
activation and associated with BLNK protein are associated with such dysfunctions, and 
that changes in BLNK proteins themselves are associated with such dysfunctions. 

Applicant submits that the facts presented show that BLNK proteins are capable of 
affecting signaling mechanisms that lead to B cell activation, and that altered B cell 
activation is associated with dysfunctions. Moreover, the facts show that the signaling 
mechanisms leading to B cell activation are also associated with dysfunction^ and more 
particularly, that altered BLNK protein is associated with dysfunction. As such, Applicant 
submits that a pharmaceutical compound comprising a BLNK protein has potential utility 
for the treatment of dysfunctions associated with B cell activation. 
Molecular interactions of BLNK protein and signaling in B cell activation 

The identified human B cell Linker Protein 1 (BLNKl protein) is an intracellular 
phosphoprotein specifically expressed in B-cells which is immediately phosphorylated on 
five tyrosine residues following B cell receptor (BCR) activation. This phosphorylation is 
effected by the BCR-responsive protein tyrosine kinase Syk, and the temporal nature of 
the phosphorylation events suggests BLNKl proteins may participate in signal 
transduction leading to B cell activation. 

BLNKl associates with two proteins that effect signals known to be required for 
BCR-mediated B cell activation, namely Grb2 and PLC-y. BLNKl protein interacts with 
Grb2, which effects ras signaling downstream of the BCR that is essential for BCR- 
mediate B cell activation. Further, alterations in ras signaling are frequently associated 
with abnormal growth. BLNKl also interacts with PLC-y, which effects calcium 
signaling downstream of the BCR that is also essential for BCR-mediated B cell 
activation. 

Further, BLNKl has been shown to modulate calcium flux following BCR 
activation; overexpression of wildtype BLNKl protein leads to enhanced signaling 
following BCR activation, while forced expression of a phosphorylation mutant BLNK 
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protein decreases calcium signaling following BCR activation. In addition, preliminary 
experiments refered to in the present specification (data not shown) indicate that BLNKl 
may effect cytoskeletal changes brought about by BCR activation through associations 
with the adaptor protein nek and the proto-oncogene product vav following BCR 
activation. 

In summary, BLNK protein: 

i) is immediately phosphorylated on tyrosine following the initiation of a signal 
that will lead to B cell activation; and 

ii) physically associates with signal transducing proteins effecting B cell activation 
during B cell activation; and 

iii) directly effects calcium flux, a critical signal for B cell activation following 
BCR stimulation; and 

iv) physically associates with the product of the proto-oncogene vav during B cell 
activation; and 

v) is implicated as an effector of cytoskeletal rearrangements during B cell 
activation (cytoskeletal modulation being involved in tumor growth and migration) 

Applicant also points out that the concept of altered signal transduction effecting aberrant 
cell differentiation, migration, and proliferation was common at the time the present 
application was filed. 

Altered B cell activation is associated with dysfunctions 

At the time the present application was filed, it was well known that B cell 
hypoactivation (including the absence of mature B cells) was associated with 
immunodeficiency disorders while B cell hyperactivation was associated with autoimmune 
disorders (Roitt, Essential Immunology, pp. 35-36; Rosen et al., Clin Exp Immunol, 
109:S1-S28, 1997, Exhibit A, enclosed). It was also well known that certain B cell tumors 
were associated with alterations in B cell activation (eg. Aguilar-Santileses et al., 
Leukemia 8:1 146-1 152, 1994, Exhibit B, enclosed). 

Findings subsequent to the filing of the present application support Applicant's 
assertion that pharmaceutical compounds comprising BLNK proteins are useful for the 
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treatment of diseases involving B cells. As the signaling mechanisms regulating B cell 
activation have been studied in pathological contexts, they have been shown to be 
associated with particular diseases involving B cells. Alterations in calcium signaling 
have been shown to occur in B cell leukemia, and responses to BCR stimulation are 
correlated with clinical disease progression in chronic lymphocytic leukemia (Meinhardt et 
al, J. Mol. Med. 77:282-293,1999, Exhibit C, enclosed). Moreover, two reports in the 
journal Science disclose that BLNK protein function is essential for B cell function in mice 
and humans. Pappu et al (Science, 286:1949-1954, 1999, Exhibit D, enclosed) disclose 
that disruption of the BLNKl locus in mice blocks the formation of precursor B cells from 
progenitor B cells, leading to the near complete absence of mature B cells. Minegishi et 
al (Science, 286:1954-1957, 1999, Exhibit E, enclosed) disclose that a naturally occurring 
mutation in the human BLNKl locus also results in the absence of mature B cells and 
precursor B cells, despite the presence of progenitor B cells. This is similar to the 
developmental block seen in X-Iinked aggamglobulonemia (LeBien, Blood 96:9-23, 2000 
Exhibit F, enclosed). Additionally, BLNKl has been shown to be essential for BCR 
signaling and BCR-mediated B cell activation (Xu et a/., Int. Immunol. 12:397-404, 2000, 
Exhibit G, enclosed; Hayashi et al, PNAS, 97:2755-2760, 2000, Exhibit H, enclosed; 
Ishiai et al. Immunity, 10:1 17-125, 1999, Exhibit I, enclosed). 

It appears to be the Examiner's position that regardless of whether Applicant has 
shown that BLNK activity modulates signal transduction leading to B cell activation, such 
an effect does not necessarily indicate that BLNK protein will have a therapeutic effect on 
diseases associated with altered B cell activation. Again, Applicant submits that claims 21 
and 22 satisfy the requirements of §1 12, first paragraph, and respectfully request removal 
of the rejection and allowance of the claims. 

A specification that discloses information on how to make and use the invention 
must be accepted unless the Patent Office provides sufficient reason to doubt the accuracy 
of the disclosure. If the Patent Office does present doubt to the accuracy of the disclosure, 
then such a rejection can be overcome by suitable proofs such as subsequent data 
confirming the assertions made in the application. In re Marzocchi . 439 F.2d 220, 169 
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U.S.P.Q. 367 (C.C.P.A. 1971). In this case, assuming arguendo that the Patent Office 
raised a doubt to the accuracy of the assertions made in the specification, Applicant 
submits that this rejection has been overcome by the data presented in the present 
application which confimis the assertions made in the present application. 
The data is reasonably correlated with the purported utility 

Applicants submit that there exists a specific asserted utility for the compound of 
Claim 16 and that the claimed invention satisfies the requirements of U.S. C. § 101 . 
Accordingly, Applicants respectfully request withdrawal of the rejection and allowance of 



Claims 21 and 22 stand rejected under 35 U.S.C. §101 as not being supported by 
either a specific asserted utility or a well established utility. In this regard, the Office 
Action states at page 4: "...the asserted potential treatment utility [of bioactive agents 
capable of binding to BLNK protein] for B cell lymphomas and autoimmune diseases 
which have hyperactivated B cells (pages 19-20) is not supported by the disclosure." 
Applicants respectfully traverse the rejection. 

As discussed above, the new guidelines set forth by the Patent Office in regard to 
utility may be summarized as follows: 

(a) all that is needed to create a presumption of utility is a credible assertion of 
utility made by the Applicant; 

(b) the assertion is considered credible unless the underlying logic of the assertion 
is seriously flawed or the logic is valid but the facts are not consistent with the 
logic; and 

(c) in yitro data is invariably sufficient to establish therapeutic or pharmacological 
utility for a compound so long as a reasonable correlation between the data and the 
assertions of utility can be established. 

Under the proper standard, the invention has utility 

Applicant submits that (a) an assertion of utility has been made, (b) the logic is not 
seriously flawed and the facts are consistent with the logic, and (c) that the data presented 
in the specification is reasonably correlated with the purported utility. 



Claim 16. 
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Assertion o f Utility 




Applicant respectfully points out that claims 21 and 22 are not drawn to the use of 
bioactive agents for the treatment of disease. Rather, the claims are directed to methods of 
screening agents for their ability to bind BLNK proteins and/or modulate BLNK protein 
activity. These agents need not have therapeutic utility, but must meet the requirement s 
of §101 and §112. 

Certainly, as those in the art will appreciate, these screening methods find utility in 
a variety of ways including use in the elucidation of the mechanism, activity, or function 
of BLNK proteins, as well as in the study of signal transduction mechanisms and B cell 
activation directly. The tissue localization, molecular interactions, response to BCR 
activation, and involvement in calcium signaling make BLNK proteins attractive targets 
for manipulation in the study of B cell activation and associated dysfunctions. Further, 
claims to methods of screening for bioactive agents that bind proteins of interest are most 
frequently found allowable, without a prerequisite assertion of therapeutic utility before 
the fact. 

Finally, recent studies elucidating the function of BLNK proteins (Pappu et al, 
Exhibit D; Minegishi et al. Exhibit E; described above and enclosed) have heightened the 
desire for bioactive agents that affect BLNK protein activity. 

Accordingly, Applicant submits that claims 21 and 22 meet the requirements for 
utility under §101 and §112. 
The logic is not seriously flawed 

The logic of the assertion is that if a bioactive agent is capable of binding to a 
BLNK protein, said bioactive agent may affect some property of a BLNK protein, as 
would be appreciated by one of reasonable skill in the art. Obviously a bioactive agent 
capable of modulating the activity of a BLNK protein may alter some property of a BLNK 
protein. By affecting some property of a BLNK protein, an agent is potentially useful for 
the study of BLNK proteins themselves, as well as the physiological systems that BLNK 
proteins can affect. 
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The facts are consistent with the logic 

The facts are consistent with the logic underlying the asserted utility of screening 
methods for identifying agents capable of binding to BLNK proteins and/or modulating 
their activity. The claims call for bioactive agents capable of binding to BLNK proteins 
and/or modulating their activity. For argument, this property must be ascribed to the as 
yet unidentified agents. It is obvious that a bioactive agent capable of modulating BLNK 
protein activity could affect some property of a BLNK protein. Further, it would be 
obvious to one of reasonable skill in the art that a bioactive agent capable of binding to a 
BLNK protein could affect some property of a BLNK protein. Accordingly, the logic 
underlying the assertion of utility of the screening methods is consistent with the facts. 
Moreover, Applicant reiterates that claims to methods of screening for bioactive agents 
that bind proteins of interest are most frequently found allowable, without a prerequisite 
assertion of therapeutic utility before the fact. 

Applicants submit that Claims 21 and 22 satisfy the requirements of U.S. C. § 101 
and §112. Accordingly, Applicants respectfully request withdrawal of the rejection and 
allowance of claims 21 and 22. 
Rejections under $112, first paragraph 

Claims 1-3, 7-14,16-22 stand rejected under 35 U.S.C. §112, first paragraph. Applicants 
respectfully traverse. 

The Examiner states that: "The claims are drawn to any recombinant nucleic acid 
encoding any BLNK protein and to any BLNK protein, ie., any "molecules which interact 
with either (sic) Grb2, PLCy or S YK" as stated in the last four lines at page 2 of the 
specification." and rejects the claims as being too broad. The Examiner's main point 
seems to be that the definition of "BLNK protein", as used in the claims, is too broad. 
Accordingly, Applicant has amended the pending claims to direct them to specific SEQ ID 
NOs. With particular regard to claims 3, 4 and 7, the Applicant notes that nucleic acids 
hybridizing to SEQ ID NO:2 under high stringency conditions were found enabled as 
evidenced by claim 2. 
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Rejections under lOlfb) and 102 (e): Anticipation: Rejections under 103(a): Obviousness 

Claims 1, 8, 1 1 and 17-20 stand rejected under 35 U.S.C. § 102(b) as being 
anticipated by Nagai et al. Claims 1, 2, 8, 10, 1 1 and 17-20 stand rejected under 35 U.S.C. 
§ 102(b) as being anticipated by Jackman et aU Claims 1, 8, 10, 1 1, and 17-20 stand 
rejected under 35 U.S.C. § 102(b) as being anticipated by Richard et al. Claim 21 stands 
rejected under 35 U.S.C, § 102(e) as being anticipated by Morris et al. Claims 1, 2, and 6- 
8 stand rejected under 35 U.S.C. § 103(a) as being unpatentable over Nagai et al, Jackman 
et al. or Richard et al. in view of Kaufman. 

The rejections over the prior art depend from an interpretation of "BLNK protein" 
as stated in the Office Action at page 9: "..the claimed "BLNK protein" is interpreted as 
"molecules which interact with either (sic) Grb2, PLC-y or S YK" as stated in the last four 
lines at page 2 of the specification." 

Applicants submit that the claims as amended recite SEQ ID NOs 1 and 2, and 
therefore the rejections should be withdrawn. 
Re jections based on statutory double patenting 

Claims 4-6 stand rejected under 35 U.S.C. 101 as claiming the same invention as 
that of claims 1-3 of prior U.S. Patent No. 5,994,522. 

Applicants submit that the claims as amended are patentably distinct from claims 
1-3 of U.S. Patent No. 5,994,522. 

Rejections based on obviousness-tvpe double patenting 

Claims 7-9 stand rejected under the judicially created doctrine of obviousness-type 
double patenting as being unpatentable over claims 5-7 of U.S. Patent No, 5,994,522. 

The Applicant requests that this rejection be held in abeyance until otherwise 
allowable subject matter is found. 
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CONCLUSION 



Applicants respectfully submit that the claims are in condition for 



allowance. Early notice to that affect is solicited. If a telephone conference would 
expedite the prosecution of this patent application, the Examiner is invited to call the 
undersigned attorney at (415) 781-1989. 



Four Embarcadero Center, Suite 3400 
San Francisco, CA 941 1 1-41 87 
Telephone: (415)781-1989 



Dated: 

1028097 



Respectfully submitted. 



FLEHR HOHBACH TEST 
ALBRITTON & HERBERT LLP 




Robin M. Silva 
Reg. No. 38,304 



-14- 



200(3 1 ^ = 20 FR C I ST I I C I ST 



6 1 3 998 528 I TO j 



APPLICANrs 
EXHIBIT 



Clinical and Experimental Immunology 

Volume 109, Supplement 1, August 1997 



Primary Immunodeficiency Diseases 

Report of a WHO Scientific Group 



This publication was supported by a generous gift from the Jeffrey Modell Foundation 



SSP Z9^2000 !4:20 FR C I ST I ICIST 



613 998 5281 TO 16503299536 



Primary Immunodeficiency Diseases 
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I INTRODUCTION 

The initial barriers lo infection arc skift, mucous membranes and 
the substances they secrete. When inrecitous asenis pcnciratc these 
barriers other non-specific hosi factors such as cytokines and 
complcmenc com« inlo play. These componenr-j together with the 
specific imtnune mechanisms of antibodies and lymphocyies 
consTituie the (n^inune system. The cotnplex of ioieraciing factors 
and cells provides the iniiial innate non-specific defence and 
subsequently the acquired specific detence mechanisms for resistance 
to infection. 

The Primary Immunodeficiency Diseases result from Innate 
defects of the imnf\une system. As a conse<|uence,recuf rent protozoal, 
bacteHal, fungal and viral infections of varying seventy ensue. The 
immune system can also be adversely affected secondarily by a 
variety of paihologicat conditions (including malignancy, meiabolic 
diseases and nnalnuiritjon) and drugs; these result in Secondary 
Immunodeficiencies. 

Both Primary and Secotidary ImmunodetWtencies result in a 
similar spec(rv)m of illness -recutrcn tor persistent Infections. Since 
the reiaiionship between imrounl^ and infection is interactive, 
infection may cause as well as result from immunodericicncy. Many 
infectious agents, Including the human immunodeficiency virus 
(HIV), have both specif»c and non*spccific effects on the immune 
system. 

Study of patients with Primary Immunodeficiency Diseases has 
expanded our understanding of immunity, Recent progress in 
immunobiology and genetics hus, with increasing precision, 
identified the causes of many of ihe Primary Tmrnunodeficicncy 
Diseases; diagnosis and therapy can as a result be more specific and 
efTecrive. 

2 CELLULAR BASIS OF THE 
IMMUNE RESPONSE 

The progenitors of T cells, B cells and natural killw (NK) cells arc 
derived flrom the same multipotcnc hacmaiopoictic stem cells (HSC) 
chat give rise co other types ofblood cclU\ CcHs of the monocyte- 
macrophage series, rnciuding Langerhans cells and dendritic cells, 
process and present anUgen to the T and G cells boih early in ihcir 
development and later after they reach maturity (see Fig. I). 

Progenitor cells migrate fyom the circulation into the epithelial 
thymus where they interact with the stromal cells and their soluble 
products to undergo cell divifion, clonal selection and maturation. 
The T-lincage cells interact with their microenvironment through 
cell surface glycoproteins lhat serve as adhesion molecules and 
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receptors coupled to signal transduction elements. An early 
thymocyte decision determines the choice of one of two pathways 
ofdiflcrcntiation. Progenitor cells (pro-T cells) may rearrange and 
express y6 T cell receptor (TCR) genes together wfih the CD3 
complex of proteins to become yb T cells. Alternatively, precursor 
cells may rearrange their VDjp gene:: and express the completed 3 
chain together vsrith a pre-T a chain (pTa) and the CD 3 protein 
signalling complex. These pre-T cells then reanrange their vja genes 
to produce cr chains and become ap T cells. Cells of this lineage 
(immature T cells) Initially express both CD4 and CDS molecules 
that interact respectively with MHC cl^ss H or class 1 molecules on 
thymic stromal eells 10 tnfluencft f hftir m&turat ion Into CD4'* or CDS* 
T cells, positive or negative selection ofimmature ap T-c«ll clones 
is deienmincd by the affinity of the TCR interaction with self antigens 
presented afi peptide fragments v^^ithin the grooves of MHC class IT 
and/or class I molecules on thymic stromul cells. The T cells do 
not express CD4 or CD8 molecules during their intrathymic 
maturation, ind intraihymtc clonal selection is probably not essential 
for their developmeni. The yS T cells can be subdivided on the 
basis of ihdir utilisation of either the yl or y2 constant region genes 
together with preferred sets of VDJ6 genes, 

T-cclI development in the thymus requires integrity of each of 
the TCIVCD3 components, CD4, CDS certain cytokines, cytokine 
receptors, and their signal transduction partners. Later^ when they 
migrate lo the periphery, T cells may undergo selective clonal 
activation leading to proliferation and maturation- Anttgen activation 
involves the interaction of T-cell receptors with antigen fragments 
held within the grooves of MHC class I or class U molecules. The 
activated aP T cells begin to produce Lymphokines like and to 
express high afTlniiy receptors for this lymphokine. The inieraction 
of ILil with its receptor modulates T-ceil growth and efl'ecior 
llinction. 

The role of yS T cells is presently unclear, but their acquisition 
of CD 8 in peripheral tissues may enhance interaction with target 
cells bearing class 1 (or class !-Iike) MHC gene products. There 
increasing evidence that yS cells require exogenous growth factors, 
such hs IL'7, produced by Otp T cells or other cell types. Crosstalk 
between a(5 and T cells may co-ordinate their activities to control 
immune responses. 

The development ofBTincagc cells is a multifocal process which 
is concentrated in fetal liver before bone marrow becomes the major 
haematopoietic organ. Progenitor cells (pro-JB cells) receiving signals 
from local stromal cells begin to divide, rearrange their immuno- 
globulin VDJ gene segments, and give rise ro clones of pre-B cells. 
Thepre-B cells express low Uvels of receptors composed of heavy 
chains, a surrogate light chain complex of V prc-B and X-5 proteins, 
and an Iga/IgP dimer. The cytoplasmfc tails of thcTgot and IgP 
chains contain immunoregulatory tyrosine activation motifs (ITAMs) 
thai arc needed for signal transduction* Pfe^B ceils thus equipped 
may then rearrange VJ gene segments in their light chain loci co 
become immature FgM" B celh. Immature B cells are easily to leri zed 
or killed by premature stimulation vlo thcirnntlgen receptors. After 
migrating from the bone marrow, the B celk mature, expn-xy IgD 
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Fig. I. DcvclopmenVofT and B lymphocyics- 



anttgen reccpiofs, and respond co antigens and CD4* T-ceU help by 
undct^oin^ proliferation and plasma cell dtflfcreniiation. 

In germinal centres, B cells sec antigen on follicular dendritic 
cells and lnccr&c( wUh hc]p«rT ceils (o undergo proUffirftuon^ sonnatlc 
miication and claiss swicching. Cenninikl centre B cdU that produce 
antibodies of relatively high uniigen ftfiTmily arc selected to give 
rise to plasRia cells thAi produce dIfEbrent l| isotypcs (K^M, IgO* 
IgA Or IgE) or become recirculating memory B lymphocytes. Cell 
Interaction moUculcs important for the germinal centre response 
Include complement receptors and CD40 on B ceils (and dendrdic 
cell?) and the CD40 ligand on activated T cells. The activated B cells 
express CD80 and 0086 molecules (hat in mm interact with CD28 
and CTtA molecules on T ceils to modulate their response. 
Cytokines (IFNy, IL-2, 4. 5, 6, 7, lO, and 12 lo 15) and their cell 
Surface receptors also imporiani in facilitating the genetically 
r^slricicd imcraciions between antigen presenting cells and T cells 
to elicit ccllTmediated immunity, and the CD4* T^'cell interaction 
with B cells required for humoral immunhyi GD4+ helper T cells 
(Th) are directed by different cytokines along two functionally^ 
discincc pathways. Thl andTh2, Th) hclpcrT cells characteristically 
produce cytokines that enhance inflammation, IL-3t, IFNy and TNF, 
\vhereas Th2 helper T cells produce cytokines that enhance aniibody 
production, namely 11^, IL-5, IL-lO and IL-13. and IFNy 
facilitate the Thl cetl differentiation pathway involved in cell* 
mediated inflammatory responses, Conversely. IL-4 facilitaiea ihe 
Th2 pathway of cell di fTercnciation to yield helper T cells that 
promote the antibody response. In parallel with the CD4 cells, there 
are two groups of CD8 cytotoxic T cells, Tc I and Tc2. each of which 
produces distinct sets of cytokines. 

The basic cellular elements of the immune system are well 
C5tabl[:>hed by I5 weok^f human gestation. Ncvortheiosj, fha 



system is functionally immaiurc at birth and requiresi antigen 
selection and experience to achieve full nnaturation during infancy. 

3 GENETIC BASIS OF THE IMMUNE RESPONSE 

Immunoglobulins, whieh are tetramei? of two heavy and two light 
chains, serve as antigen receptors on B cells, and (be secreted 
antibodies are the etTectors of the humoral immune system. Heavy 
chains of immtmoglobulins are encoded by genes on chromosome 
|4 at band <|32, whereas the geiteilc locus of kappa light eh&in genes 
IS on chromosome 2pll and of lambda on chromoson(\e 22qU 
(Fig. 2). The variable domains of imnnunoglobulins are encoded by 
discontinuous gene segments that are separated from each other in 
the germlinc state (Fig. 2). The heavy-chain gene family consists of 
approximately 50 variable-region (V^) genes that encode the first 
95 amino acids of the variable portion of this peptide, more than 
20 diversicy-rcgion (D) genes that encode a small number of amino 
acids, six Joining-region (J„) genes that encode the remaining 
13 amino acids of the variable region, and nine functional constant- 
region (C„) g«nes. The k and X. gene families also contain a series 
of variable-region and joining genes located upstream f^om the 
constant-region gene or genes. As the piuripotcrti stem cell with its 
immunoglobulin genes in the separated germ-line conftguration 
develops into an immunoglobuUn^producing plasma cell, a process 
of DNA rearrangement occurs. This begins ^Uh activation of a 
heavy-chain gene by a rearrangement that combines a single D 
segmem with a single J„ segment. Then a single segment is 
combined with iKU DJ juncture. This rearrangement of a V gene 
segment with a D gene segment brings a promoter controlling 
sequence upstream from each V gene segment closer to a tissue- 
specific enhancer sequence <hat is between (he J and C regions. 
This activates the gene complex, increasing transcription of mRNA 
for the heavy-chain gene, and leads lo the production of cyioplasmic 
\K chnin and, thus, the appearance of the pre^B eel]. Surrogate light- 
chain genes, V pre-B and X-5, are expressed without rearrangement 
during the earliest stages of B lineage dijRferentigtion. The products 
of these genes become associated wiih the \i heavy-chain gene 
product and appear on the surt'ace of pre-B cells. Following cflTective 
heovy-ehain gene rearrangement, there is a rearrangement of light- 
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chain genes, beginning with ivarrongemcnts orthoK immunoglobulin 
locus wiih a fecombindtion that ju)<topoies one of many regions 
with one of the five segments (0 g<ncra(C the complete 
iranscrlpiionally active region, [f efTorts at gencraiinc a K fcnc 
are not soccciisfai, activation of X light-chain genes occurs. 
Following effective rearrangement of light-chain gcncs^ the maiurc 
mRNA is translated, and IgM molecuies can be produced and 
expressed on the cell surface, thus prodticing the irpmature 0 cell. 

Although a B cell and its prog,cny produce only ft single form of 
light chain, < or X, a & cell is capable of sfmultoncouslx producing 
l^M and IgD membrane forms of immunogloboUn and of switching, 
subsequently, lo the production of other imrnunos'^^^^tn Isoiyp^, 
Establishing the order and structure of the heavy-chain constant 
region genes has helped to elucidate the nnechanisms by which 
different classes arc produced. The hunnrftn immunoglobulift heavy* 
chain constant-region gene:; loccKcd on the long arm of chronrtosome 
14 at band q32 arc m \hc order shown in Fig. 2. The simultaneous 
production of IgM and IgD membrane forms, us well is the transition 
from mcmbranc'bound receptors to a secreted form, involves 
alcernadve mRNA spt Icing. In contrast, the transiiion from a C^' 
expressing B cell lo one e* pressing another isofype occurs by a 
phenomenon known as heavy-'cha in class switching or isotype 
switching. This is accornplfshtid by the splicing of an area termed a 
switch region ups»raarn from th* ;.i h^avy-chain gene, wi(h the switch 
region 5' to the downstream heavy^chfiln gene to be expressed. Such 
recombination would result in a DNa rearrangement thit is 
accompanied by delation of the DNA between the switch region 5' 
trom the gene and the switch region immediately 5' from the 
constant region to bvr used. Thi^ process o^$witching allows a new 
consiDnt region to be transcribed with the pre-existing V^/D/Jj, 
rccombincd gene. In addition, both membrane and secreted forms 
ofthe immunoglobulins may be produced by the same cell aidlfferem 
stages of differentiation. At a molecular level, the transition from 
the membrane to the secreted form involves alternative splicing of 
mRNA rcsuUing in diffcrcnc mRNAa coniaininfi the secreted (C^s) 
or membrane (Cpm) carboxy-fcrminal lail. Terminal dlffcfcntiaiion 
of a B lymphocyte to a plasma cell forecloses these options so that 
a single pfasma cell synthesizes and secretes an immunogfobuUn of 
a single isoiypc and specificity (Le. ailelte exclusion). 

The mature B'Ccil atidgcn cotriplcx is composed of an antigen* 
binding membrane immunoglobtitin and the associated Iga/fi 
proteins serving transducer/transporter functions. The transducer/ 
transporter substructure is composed of disulfide'lmked 
hctcrodimers of Iga (CD79a) and Igp (CD79b) subunity. fga Is a 
product of the mb-la gene ond Igp is encoded by the B29 gene. 
Thus tlie pre-B receptor complex involves a minimum of 10 chains: 
two Ig heavy chains, two Vpre-B chains^ two X5 chains and two 
Igot/p heterodimers. The CD19 complex that includes CD19, 
complement receptor 2 (CR2 or CD21), Lcu-U and TaPa-1 
motecules may acia^ a corcccptor with the B-ccll antigen receptor 
binding lo the same ^ntigcn/complcmcnt complex. 

The T-cel I receptors for ttntlgen arc also heierodimers composed 
of either a and 0 or y wd 6 subunits. The T-cell antigen receptor is 
associated with a cell surface complex of different noa-pofyniorphic 
chains (CD3t, CD3B, CD3e. CDSQ. The arrangement of T-celt 
receptor genes is similar to that ot Ig genes ff ig- 2). The T-cefl 
recepiorTCRp chain locus is on chromosome 7q J 2 -3 4, and theTCRy 
chain on chromosome 7p|4-l5. The TCRa and 5 gtncj arc on 
chromosome Kq 11 . The TCRP chain gene comprises discondnuous 
germ-tine variable regions; gene (Vp) and duplicate sets of diversity 
(Dpi. 002), joining (Jpl. Jp2) and consiani (Cpl. 0(52) s<ne 



segments. The TCRa gene consists of multiple variable (Va) genes 
armnged in families, at least ^0 joining (jet) genes in a tandem array 
and a single 5' consiam Ca gene. The TCR8 gen« system composed 
of V6, D6. J6 and C6 segments is nested within the TCRa locus 
between the TCRa variable and TCRa joining region genes. The 
founh gene family, the TCRy family encoded by genes on the Short 
arm of chromosome 7 (7pl5)» has many properties in common with 
other TCR genes, includihg assembly from diverse variable, joining 
and constant regions and rearrangement in T cells. 

As with Ig genes, there appears to be a hierarchy in the 
rearrangement and expfession of T-cel< receptor genes. Rearrange- 
mcni of Che TCRy and & genes occurs early If the rearrangemenw 
arc effective, ihey$-T-ccll receptor subunits together with the CD3 
complex of proteins are expressed on the cell surface of TyS cells. 
\0 an alternative pathway of raarfangemeni, precursor cells initiate 
rearningcmeats ofthe TCRO genes. In analogy with X5-lgH prc-B- 
cell receptors there is a pre-T-cell receptor that is involved in the 
regulation of earty T-cell development. The prc-T-ccll receptor 
involves C03 complex non-covalenlly associated with the TCR3 
chain that in turn is disulphidc (inked lo a pre-T'Cell receptor a 
chain (pTor), a type T transmembrane protein that acts as a surrogate 
fortheTCRct chain. Subsequently. TCRa genes are rearranged and 
expressed, permitting the production and cell-surface expression of 
the tt/0 hererodimt-r The mature T-ccil receptor heterodimers become 
associated with the CD3 comple.\ wKioK serves ^ transporter/ 
transducer function. The receptor complex \i then expressed on the 
surface of T cells, CD4 or CD8 act as corccepiors for the TCR by 
binding to the some MHC molecules a$ the TCR. 

4 CYTOKINES AND CHEMOKINES 

Immune responses as well zs the effector phase of immune reactions 
are regulated by soluble mediators called intcrlcukins or cytokines. 
Mi^iny cytokines and their fcecptors have been characterized in 
molecular form. CharacterUtig features of cytokine? are their 
functional pleiotropy ond redundancy, i.e. one cytokine shows 
multiple functions in a wide variety of tissues and cells and many 
different cytokines excft similar cffccis in the same ccHs. Cytokine 
producers arc olso muhiple^ i.e. many cytokines are produced by 
several diffcreni cells, and the production of cytokines Is Influenced 
by other cytokines, thus forming a "cytokine network'. Major 
producers of cytokines in the Immune system are monocytes and 
T cells. 

Many eytokine receptors belong lo the 'cytokine receptor 
family'- They have four conserved cysteine residues in their W- 
lerminiil region and "T^p'6e^X■TTp-5er ' motifcxtcmal to theplasma 
membrane. These conserved residues are essential for maintaining 
the tertiary siruciurc of the receptor molecules. Cytokine receptors 
do not have any unitiuc sequences for signal transduction, such as 
tyrosine kinase, in their intracytoplasmic domain. Several cytokine 
receptors, such as lL-2Ra, II^R^ 1L«5R» GM-CSFR have very short 
jntracytoplasmic domains, suggesting the pr«$ence of other ehains 
for signal transduction. The IL-6 receptor system was shown to be 
composed of two polypeptide chains, an 80 kD IL-6R and a 130 kO 
signal transducer <gp 130). Binding of IL-^ lo IL-6R triggers an 
association with the 130 kD subiunit which transduces the signal 
gpUO has been shown ro function ns a signal transducer not only 
for JL-^ but also for HF, Oneoitatin M, lL-1 1 and ciliary neurotropic 
factor (CNTF) and cardiotropin (CT-I), Thu6, this cytokine reccpi or 
system consists of two polypeptide ch&iny. ligand specific receptor 
tind common signal tr^n^duccr. l^<G«railxt this conccpc is shown lo 
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be applied (o mo$l other cytokine receptor systems. In ihc 
haematopoietio sysiem. the receptors for IL.-3. IL-5 and GM-CSF 
utilize iK common p i^ham (fUt) a$ a slgml iransdocer. In the lymphoid 
sy$ttft\, n common y cfiain (yc) is a shared cicment of the receptors 
for IL-4, IL-7, 1^9 and IL'l 5. This is a reason wh> muiation 
in (he gene encoding results in X-linked SCID in humans, ^htsneas 
a disruption of the IL.-2 gene in mice did no( lead & m^orcCTeci 
on ?hc development of T and 0 lymphocytes. IL-* and IL-13 
recepiofi share a cornmco 140 kD heavy chain (IL'4Ra) which 
associates wUh the yc in IL-4^R and with a novel It- 1 3 binding chain 
oftheIL-J3R. 

A mechanism common W a v^ry lafgc number of cytokine 
receptors which conslsi of two or more chains involves che cross 
phosphofylation nnd activfldon of members ofthe Jak kiitasc family- 
Cytokine receptors associw^d with Jalc family kinases Include 
receptors for IL-3, ILA !L^5, IL-6, \L-7, IL-9» lUlO, IL-U. 
IUI2, IL-I3. as wdl as for GM-CSF, IFNa, JFNP and iFNy. 
Cytokine binding Induces receptor chain heterodimerization. This 
results in cross phQsphotyl^^iion on tyrosine residues and activation 
of the associate Jak Iclnascs (e.g. Jakl associated with IL-4R*a and 
Jak3 associated with yc). Activated Jak's phosphoryl^ile tyrosine 
resides on one, or more, of the receptor chains. These P-Tyr residue:; 
then serve as docking siies for 5H2 domain-mcdiaied docking of 
STAT (signaf tronsduce^ and activators of transcription) molecules, 
eg, STaT6 in the case of 1L'4R, Receptor-bound STAT molecules 
arc in turn tyrosine phosphorylated This leads to their dimerization 
through P-Tyr-SH2 chain interactions, uncovering; nuclear 
localization signals. STATs then translocate to the nucleus where 
ihey bind to the DNA consensus sequence (TTC (N) OA A] 
and participate in the transcriptional nctivation of cytokine responsive 
genes, e.g, Ce. in th« case of IL-4. 

At present, 18 mtcrieukins (IL'I to IL-18) have been cloned 
and their biological activities in immune regulation are under intense 
scrutiny. Assays are available for estimation of cytokine levels. 

IL-I Is one of the typical example^ of multifunctional cytokines. It 
is produced mainly by monocytes, lU-Ioc and IL*1(J, which show 
only lAVa (human) homology in their amino acid sequences, utilize 
the same lt-1 rcccpwr, which belongs to the Ig-supeffamily. A 
naturally occutring IL-1 inhibitor (IL'lra) also shows a cenain 
sequence homoJogy w/th IL-la and fi and binds fo the \h~] receptor, 
but it cannot activate the signal pathway. Therefore, iL-lr^i functions 
as a compeliiive inhibitor of IU-1- IL-I is importam for the early 
activation of T cells as a co-s(imulaiory factor. IL-t is a strong inducer 
of iL-6 and several aciivUies of IL-I in immune regulation can be 
exerted through IL-6, JL-I is one of the typical inflammatory 
cytokines and Is involved in the generation of prostaglandins. Fever 
is generated by IL-l through the generation of IL-6. 

4.2 /L-2 

IL-2 is a major T-ccU growth factor. Activated T cells produce IL- 
2 and express high affinity IL-2 receptors and T cells proUferaie in 
an autocrine or paracrine fashion, I L-2 ts not needed for T*ce|l 
maturation as both humans and mice with deficiency pos^^ss 
normal number of circulating T cells, which however fail to 
proliferaic to mitogens and antigens unless IL-2 is added. I L-2 
plays an Important role in mature T-ccll apopto^i:? (acilvAdon*induced 
coU death - A(CD). The high aftlnily lL-2 receptor is formed by 
three polyptiptidi: receptor compcncmts. IL-2Ra (Tac. CD25X It- 
3Rp, and yc and signals can be iraA2<4uccd through tL^lR^ ond j 



chains. Activated B cqIIs can express IL-2R and 1L*2 induces growth 
and antibody production in such activated B cells. Resting NK cells 
express IL-2RP and yc.Thc IL-2Rp chain associates with Jaki and 
yc associates with /akJ, Engaecmeni of the IL-2R results in 
phosphorylation and activation of STAT 5, Mutation in the yc chain 
gene and of Jak3 result In phcnoiyplcally similar aevcrc combined 
immunodeficrency with absent T and NK ccHs^ but circulating 
B cells. 

lL-3 is a multi-colony stimulatory factor (muki-CSF) and is involved 
io prolifcrocion of early pfcgenitors of hacmatopoleiic cells. IL*3 
exerts a synergistic cHcct wiih IL'6 on the expansion of early 
haematopoietic progenitors. tL-3 is produced by activated T cells. 
The IL-3 receptor comprises two polypeptide chains like the IL-6 
receptor The pc chain that functions as a ssgnai iransduccf for the 
IL-3 rcceptof is common to IL-5R and GlvI-CSFR. These three 
receptors use ihe Jakl/JakZ and STAT 5 pathway, 

4.4 11^4 

(L^ was originally identified a^ S cell stimulatory factor (BSF-1) 
and was shown w induce the eafly activg^don of resting B cells upon 
antigen exposure. IL-4 induces isoiype switching of B cells into 
IgE producing cells. Anii-IL-^ inhibits lg£ production in parasite- 
infected mice, indicating an essential role for lL-4 in IgE production. 
lL-4 knockout mice do not produce any IgE. lL-4 15 shown to be a 
potent growth factor for most cells and lo induce FceRII <CD23 ) on 
B cells and monocytes. These re,«ults strongly suggest the 
involvement of IL-4 in immediate-type hypersensitivity. IL'4 \s 
produced not only by activated T cells bul also by mast cells and 
basophils. lL-4 functions as a growth factor for T cells and is involved 
in autocrine and paritcrfnc growth of activated T qqHs, The IL-4 
reccpior consists of a heavy UOkD chain which associates v/ith 
Jakl and of the yc chain which associates with Jak3 and acts as a 
signal transducer. 1L-4R engagement leads to the phosphorylation 
and activation of STAT 6. 

4.5 IL^S 

IL-5 may enhance B-cell differentlacion and also acts as an eosinophil 
diOeremiation factor. The IL-S Is mainly produced by activated 
T cells. The IL-5 receptor consists of two polypeptide chains like 
th* IL-6R, one of which {fie) is a signal transducer of 1L-5R that is 
eomn^on to 0M-C5FR and IL-3R, tL-5 knockout mice fail 10 
develop eosinophilia. 

4.6 IL-t 

IL'6 is the protolypic multifunctional cytokine, k wa^ originally 
identified as a B-cclI differentiation factor and is involved in the 
final maturation of B cells into antibody producing cells. IL*6 is 
essential to antibody production. It also activates T cells and 
haematopoietic progenitors. IL-^ induces matu ration of megakaryo- 
cytes and induces ihrombocyioSTS In inftammaiion. lL-6 is a major 
inducer of the acute phase reaction In inflammation. Excessive 
production of IL-6 has been shown in several autoimmune diseases. 
IL-6 is u pct<nt growth f;ictor for myeloma and plasmacytoma c^Us 
and appears to be invoNod in multiple myeloma and plasmacytomas. 
The IL-6R consists ofan 1(^-6 binding chain and a signal transducing 
gpl30 chain shared by receptors LIF. CNTF and OSM. The lLr6 
uses the Jakl /Jfikl and STAT3 pathway, lL-6 is produced by a wide 
variety of cells, but mainly by monocytes, IL- 1 aiid TNPa are strong 
i1^ducefK of IL-6 in monoeytes. Anti»viral antibody fdsponsc 
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5- 10* fold reduced in IU6 knockotjtmicc. Funbermorc, fL-6^'micc 
were detcciivc in \hc\r mucosal IgA response* The Inflammatory 
acuie phase reaction is severely compromised in IL*^*^ mice: optimal 
responses \o iraumD and infection can only bo mediated in Ihc 
presence of (U6. 

4 J IL'7 

IL-7 i$ a major B-ccU lymphopoiciin «od U invoiced in ihogrov^th 
and dilfcrcnctuuon ol'pre-B cells. It al^o aci5 0$ d growth factor for 
thymocytes and mature CD4-i- and CDS+ cells. 11--? is produced by 
Stromal cells in the marrow, thymus and spieen. IL-7R milites yc in 
signal transduction. Lymphoid development is severely impaired in 
IL-7"-and IL-7R-^- mice. 

4,% !L'B 

IL-S is an jnflait>matory cytokine produced by monocytes and 
involved in neutrophil chemoiaxis- Several other cytokines, such 
as Platelet Basic Protein (PBP), Platelet Factor 4 (pp4), interferon 
inducible Protein (IP 10) and Growrh Related Gene (Gro), show 
sequence homology with IL-8. IL-8, PBP, PF4. IP 10 and Gro belong 
to the CXC family of ehcmokines. The other family of checnokinvs 
Is the CC family. In contrast to CC chemokines which have two 
adjacent cysiGines; CXC chemokines have the same two cysteines 
separated by zj\ amino acid. The list of chemokines is currently 
expanding with more than 20 family member? some of which overlap 
in function, receptor utilization and target specificity. Recently the 
CCRK5 receptor was shown to be shat^ by the CC chemokines 
Rantcs, Mip!-a and Mtpl-0 and to function in monocytes as a co- 
receptor with CD4 for the HIV gpl20y [n parallel th« CXC 
chemokine receptor fusin (CXCR3) is the co-receptor with CD4 for 
HIV entry into T cells. The CXC chemokine thai vises CXCR3 as 
its receptor Is $DF-I/PBSF This stromal derived factor/pre-B cell 
stimulatory factor ihows synergy with lL-7 for B-cell development. 
Knockout of SDF-I/PBSF results in failure of B-ccli development. 

4.9 /L'9 

IL^9 is identified a:s a T-cell growth factor distinct from IL»2 or 
IL-4, It is produced by CD4-f helper T cells and acts on helper T 
cells but not on CDS+ cytotoxic T cells. IL-9 was shown to act on 
mast cells stimulating their growth in a manner similar to lL-4, IL'9R 
uiiUzes yc In signal transduction. 

4 JO IL-IO 

IL-10 was originally called CSIF (Cytokine Synthesis Inhibitory 
Factor), which is produced by monocytes and Th2 calls. U Inhibits 
the production of cytokines by ThI cells. As with other cytokines, 
IL-1 0 also exerts pie io tropic functions and induces growth of T cells 
and mast cells. IL- 1 0 is produced not only by Th2 cells but also by 
B lymphoma ceMs, macrophages and mast cells. The IL-IO receptor 
is composed of two chains and uses the Jakl/Tyr2 and STAT 3 
pathway. 

4JI /L'U 

IL-I I is identified as a plasmacytoma growth factor and has the 
plelotroplc ftjactions of and its receptor shares the gp|30 of 
ihe 

(L'I2 

IL» 12 is a hctcrodimer of glycoproteins, p55 and p40, which act^ on 
B ccllsi NK cells and monocytes to indtice proUfcmtion and cytokine 
synthesis* espefliBlIy of interfcron-V. fl^-U'- mice show increased 



susceptibUicy to leishmaniasis. IL-I2R uses the Mk2/Tyr2 and the 
STAT4 pathway. 

4.13 IL-n 

IL-I J is produced by Th^ and mimics the etfects oriU-4 on IgE 
production. The IL*13R is expressed on human B cells. T cells and 
monocytes. It uses a unique IL-I 3 binding chain which assosriatcs 
with Jak2 and shares with the It-4R, the l40kD IL-4R<i chain wK»ch 
as5oeiat«s wrih JakI . IL- ( 3 activates STAT-6. 

4.14 JL^t4 

IL'iK, formerly called high molecular weight B-cclI growth factor, 
has been reported to enhance growth and differentiation of B cells. 
The existence of this cytokine has been challenged. 

IC'IS acts on activated T cells, B cells, and on NK. cells to induce 
proliferation and difTerentiatlon. Its major receptor Includes tL-2Rp 
and yc as well as a uniciue IL-15R a chain. An alternative lL-15 
receptor is found on mast cells. 

4J6 lUi6 

IL-16 15 a CD4+T lymphocyte attraccant and competence growth 
factor which uses CD4 as a receptor. CD 8*^ T cells serve as a source 
ofIL-16. 

4J7 

lL-17 15 a glycoprotein of 155 amino acids secreted as an homodimer 
by activated memory CD4+ T cells, and is highly homologous to 
Herpesvirus Salmiri gene 13. (L- 17 stimulates epithelial, endothelial 
and fibrobltkstic cells to secrete cytokines such as IL-^^ lL-8 and 
granuIocyte-colony-iSiimulating factor, as well as prostaglandin E^. 
Funhermorc, when cultured In the presence of IL-17, fibroblasts 
could sustain the proliferation of CD34+ haematopoietic progenitors 
and their preferential maturation into neutrophils, 

4.15 lL-)d 

IL'iS is n novel cytokine produced by liver cells that posses:sc3 
potent biological activities, including the induction of IFN-y 
production by spleen cells and ihc enhancement of NK cell 
cytotoxicity. In addition, augments granulocyte-macrophage- 
CSF production and decreases IL-IO production by Con A-stimulated 
PBMC 



4J9 Oih&r tyioklncs 

In addition to the interleukin? and their receptors, other cytokines 
and monokines afiTect the immune system. Interferon-y, secreted by 
activated T cells, is the most imponanr cytokine in the induction of 
MHC class II molecule expression. TNF-a is rt prominent monokine 
that shares many functions of IL-1, except for the induciion of IL-2. 
TNFaR arc of two types. TNFRI mediates cell death and oscs signal 
transducer molecules that contain death domains, TNFRII delivers 
growth signals and activates NFkB. It uses TRAP I and TRAF2 
molecules as signal transducers, Lymphotoxin ot-^p is important for 
the normal development of lymphoid architecture (in mice). The 
colony scimulaiirtg factors, such as GM-CSF, G-CSF and M-CSF. 
act in addition to IL-3, as growth faeiors for immunologlcaUy 
relevant cells. The interferon ft, p and y receptors use Ihe Jafc/STAT 
signalling pathway. Deficient Inierferon-y recepior due to mutations 
in the a chain in ihe receptor results in undue 5u.sceptfbilily to 
Intraecllutar palhogens that resides Jn macrophages and in fatal 
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mycobacterial infection. Immuniiy lo iptection whh LUwia 
monocytogenes is severely compromised in TNFR"^' well as 
interferon V and lt*6*'* mice, indicating an Imponant role of ihe^e 
cytokines in innate immunity. Transforming growih factor 0 (TGFP, 
a cytokine produced by many cells) baf; bt;cn identified 05 ji major 
suppressor of immune ftincil on and is involved i^^ class switching 
10 IgA. 

5 ANTIGEN r»RESENTATION, CELL ADHESION 
AND SIGN aL TRANSDUCTION 

Antigens are taken into antigen presenting cells (APC) by receptor 
mediated endocytosis (via C3 or Ig receptors) or by Huid phase 
endooyco3)$. Protein sintigens, once tn chc phagolysosonte, are 
digest ed by pro t€;o lytic enzymes. Antigenic tragments are then 
shunted to a spccioliared compartmenc for peptide loading. In tHU 
comparcmenl, antigenic peptides bind to c(a$5 /I histocompatlbiliiy 
moiccules and the complex thus formed is iranfportcd to the cell 
surface of the APC, For the mosi pan, cells of monocyro-macrophage 
lineage and mature 8 cells serve as APC. 

For antigens within the cell including many viral antigens, there 
is degradation of the proteins in parr by protcasomes followed by 
traivspon of Che resuHont peptides into the endoplasmic reticulum 
where they bind to class I MHC. This transport across the Golgi 
membrane is mediated by members of the ATP binding cassette 
(ABC) superfamily of rransponcrs (e.g. TaP-I or TAP-2>i which 
an? encoded by genes within (he MHC Mutations in TaP-2 arc 
associated with MHC class I deficiency. 

The interdiction of APC with t ct^ll^i as well as T-B-celi 
collaboration arc facilitated by adhesion molecules. The Uganda and 
counter-ligands of many of these adhesion molecules have now been 
well defined (see Fig. 3). tCAM-I and LFA-1 are reciprocally 
interacting; both molecules arc found on T cells &s well as on APC. 
LFA-I is defective in leukocyte adhesion deficiency (see 12.2.1) 
and (he CD^O ligand is defective in the hyper IgM Syndrome (see 
{^•^ti 2 )• 

The interaction ofthe T-cell receptor (TCR)-CD3 complex with 
presented antigen results in signal transduction that leads to 
phosphorylation of 003 and the activation of T cells (see Fig. 4). 




_r 



Flj[. 4» Signal transduction puth^ay in T cells. CD3 is indiftied in th$ 
T-cell linQSge by 5 bart and Ijcc and Igp of the B cell receptor by ty*o bar?. 
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Upon ICR cross linking, the src type pfotein lyrosine fcinuies (f^TK\ 
p56*^^ and p39^^, respectively, associated via their N terminal 
domains with CD^ and C03C phosphorylaie 0D3C if* tyosine 
residues of the Immune Tyrosine Activation Motif (JTaM),Y-X-X' 
L-X{7-8)-Y^X-X^I^I. Three ITAMs are present in CD3;, Activation 
of Ick and fyn also cridcally depends on the transmembrane 
phosphatase CD45, which dephosphorylates the carboxy-termmal 
auCo inhibitory tyrosine residue of these src kinases. The phos- 
phorylation of CD3C Initiates an activation cascade by enabling the 
TCR to recruit downstream molecules. Thus, phosphoryjaicd CD3<; 
is now able to bind the PTK, ZAP-70> and the adaptor protein, She, 
via interaction between phospho tyrosine residues on CD3^ and SH2. 
domains in these proteins, Receptor-bound ZaP-70 can phos- 
phoryUte Substrates such as phospho lipase C-y (PLC-y) and recruit 
ti\cm to the receptor cornplcx, The other CD3 components, each of 
which contains one ITaM motif, may atso serve as substrates for 
p56***' and p59^' and, as demonstrated tor CD3&, may bind ZAP-70 
and thus may function as additional independent signaJJing units. 

Phosphorylated PLC-y recruited to the membrane breaks down 
membrane inositol phosphatides, mainly P|4,5-P2. to generate (he 
second messengers diacylglyccrol (DAG) and inositol triphosphate 
(IP3), which respectively activate protein kinase C (PKC) and 
mobilize Ca" from intracellular Scores. Released Ca*" plays a critical 
role in the activation of downstream enzymes^ which include the 
Ca"7calmoduIin dependent phosphatase, calclneurin. Activated 
calcincurin dcphosphorylates nuclear factor of activated T cells 
(NFaT) allowing its translocation to the nucleus. Several isoforms 
of NFAT exist of which NFATc is the most critical for T-ce|| 
nctivaijQu. Grb-2 interacts with, among other things, Vav, which is 
phosphorylaicd by ZaP-70 foliowing TCR receptor engagement, 
Vav is a OTP exchange factor that activates the GTPasc, Cdc42, a 
member of the rho family of proteins. In its GTP bound state, Cdc42 
binds Wiskott-Aldrich syndrome protein (WAS p) and aciivaics [he 
Jun kinase pathway. Jun and Fos form a hctcrodimer thm can bind 
to specific DN A sequences as well as to NFaT to enhance its 
transcnpcional aeiiviiy, 

Another activation pathw;^ recruited by aggregation of the TCR 
is the p2l"* pathway Phosphorylated CD3^ has been reported to 
biftd to the SH2 domain-containing adaptor protein, She. She protein 
acrivn^B, by mc4ns ofth* intermcdtaic adaptor protein Crb-2. 

t 
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consisling at' two SH3 and one SH2 domainj, and ibc guanine 
nticlcotidc releasing protein SOS, which is capable of exchanging 
GDP ^ith OTP lending lo ihc conversion of pSI*** lo an activated 
GTP bconci state. Thi^ in turn ociivates the MAP kinase pathway, 
which culminates in ntfcftsar fos/Jun expression. 

In addition to the tyrosine phosphorylation cascade, the activaied 
lipid kinases. Pl3 kinase and Pid kinase, are recruited to \he acUvated 
TCR. PT3 kinase is recruited by association of its pd5 non-caialyiic 
Sobunit wlih Ihc SH3 domain of p56"*, p59^'' of ZAP'^VO. Pl3 kinase 
phosphorylaies Che D-3 position of ihc inositol ringof phosphatidy- 
linositol leading to the generation of PI3,4-P2 and PI3,4,5-P5. 
Pl,3,4,5-P3 activates PKC isozymes, e,^. PKCC which play an 
imporram role Jn cell survival and division. 

Activation of PKC» caJcincurin and ras and Cdc42 icsuU in the 
activation and tK^vtssion of a number of transcription facion; thai 
include respectively NF»cB, NFaT. Fos and Jun. These factors are 
critical for the transcription oftL^t and CD^OL The expression of 
these gene5 leads to T-ccll actjvaiion and proliferation. 

Optimal /L-2 gene cxpre&stion requires, in addition to TCR cross- 
linking, engagemenc of the costimulaiory molecule CDZ8 by its 
counicr-rcccpcor B7 (CD80 and CDS6) on APCs. CDZ8 contain* « 
YMXM motif, which is a potential target for phosphorylation by 
PTK that hap been activated following TCR crojs-iinking. The 
phoiphorybied motif recruits Pl-3 kinase via the SH2 domain of its 
non-cBtft]ytic subunit, Pl*3 kinase activated via CD28 syner^^izcs' 
with enz^'me? activated via the TCR to enhance IL-2 production. 
Activated T cells express another D7 ligand CTLA-4, which in 
contrast to CD28, delivers a signal that terminates T-ccll activation. 

The B'-cell aniigen receptor signals in ways similar to the TCR. 
Surface Ig is associated with iga and IgP subunits each of which 
has an ARAM motif. The sec kinases lyn, blk and the ZAP-70 
homotogue syk associate with the slg receptor. The B-ceU speeinc 
molecule CD 19, which assoeiatcs with the Ig recepior. contains, To 
Us cytoplasmic cai I, the YXXM motif- This mediates recruiimcm of 
PI-3 kinase. 

The role of various enzymes and pathways is illustrated by 
several ID diseases, and by knockout mice. Disruption of p56**'' leads 
(0 abnormal thymic maturation. Disruption of p59'^^ affects only 
the function of peripheral T cells, ZaP-TO deficiency in humans 
results in COU deficiency and in deHcieni CD*-^ T-ccll function. In 
mice, ^ AP-70 deticiency results in deficiency of both CD4 and CDS 
cells. CD3y and £ chain deficiency results in severely impaired T^ccjf 
receptor expression and variable impairmenl in T^cell function. 
NFAT abnormality leads to deficiency in the production of 1(^2 and 
other cytokines- 

6 assessment of patients suspected to 
Have a primary immunodeficiency 

6 J Padftni saUcthrt and Idzniification 
Early diagnosis and treatment of patients is vital Many 
Immunodeficiency Diseases (ID), both primary and secondary, are 
treatable, Early treatment may prevent the otherwise inevitable 
devastating damage that can occur Thus, whenever persistent or 
recurrent infections occur which do not respond as expected to 
ann'bjocics^ or which are caused by unusual or opportunistic 
infbcuous agcnis. primary or secondary ID muse be considered. This 
is particwtufly vmponani if family members have died in infancy or 
hav« similar susceptibility to infections. When such patients arc 
encountered, studies should be carried out that permit identification 
of ID. Fftmilic!; ofp^tUriTff wSfh TD shou'd also be invesiisaied. 



Such patients can be divided into seven main groups; (^) infams 
from families known to have hereditary ID: prenatal diagnosis (see 
Section 8 ) is possible in many instances; (b) infants whose siblings 
have a possible or an established ID; (c) infants wjih syndromes or 
other disea^s known to be associated with ID (sec Section 10); 
(d) inffknts who f^il to thrive, have vmusually pecsistenc infections 
with low virulence or opporcunisiic agents, unusual rashes, or 
persistent diarrhoea (see Section 9.2, Combined ID); <c) patients 
with recurrent orpersistem Infections (hoc fait co respond expected 
to antibiotic therapy; recurrent sinopulmonary infections are 
commonly the presenting problem (see Section 9.3, Predominantly 
antibody defects), patients with chronic obstructive pulmonary 
disease should be investigated for ID; (f) patients with recurreni 
skin infections* abscmcs, periodontitis, or unusual wound healing 
(see Section 12 and Tabic 5r Defects of phagocycic function); 
(g) patients with recurrent neissfcrial infections or with systemic 
lupus erythematosus (sec Section 1 1 and Tabic 4j Complement 
deficiencies). 

Normal neonates and young infants have higher lymphocyte 
counts than older children and adults. Lymphopenia in young Infants 
should prompt invesCigacion of ID. Mormal or increased numbers 
of lymphocytes in babies and young children do not exclude the 
possibility of primary immune deficiency, nor even the possibility 
of SCID or CfD. These celU may be of maternal origin, even if 
graft vs. host (GvH) disease is not obvious. The presence of normal 
or increased IgM concentrations with absence of other isoiypcs in 
young children is not limited to hypcr-lgM syndrome and may be 
found in X-linked SCID and other forms of combined immune 
deficiency diseases. If a child in whom che possibility of a primary 
defect of cell mediated immunity i;; suspected had been vaccinated 
post partum with BCG, tuberculostatic treatment should be staned 
immediately, 

The necessary screening for ID requires assessment of the 
patient's ability to develop and express B-ccIl, T-ccll or combined 
T- and B-ccU immMnological functions. The biological ampUrication 
processes (complement, cytokines, etc.) and the basic effector 
mechanisms (phagocytosis and the inflammatory response) need to 
be investigated. 

Evaluation should begin with enumeration of the crucial cell 
populations, T cells. 8 ce||s» granulocytes, monocytes; quantitative 
measurement of serum immunoglobulin concentrations of IgM, IgG, 
and in some instances IgA and Ig£. 

Immunological compelenee can be further assessed by 
quanrlration of specific antibody responses lo ubiquhous antigens 
as well as fo immunization *^iih well tolerated, commercially 
available antigens (e,£. tetanus and diphtheria toxoids, killed poHo 
antigens, and Haemophilus conjugnies). Polysaccharide vaccines 
arc obtainable; quantitative responses are difficult lo evaluaw because 
age, sex, ed^nicuy and race adjusted standards arc not available. 
T-cel I -mediated immunity can be determined by skin testing for 
delayed hypersensitivity with a battery of antigens which in the 
aggrcgftlc yield positive responses in a high proportion of healrhy 
individuals, but may be diflicult to assess in infants and younger 
children because such immunity has not yet been acquired, T-ccI) 
immunity can also be evaluated by i/t vitro responses of peripheral 
blood lymphocytes to phyiomitogcns* common antigens, and/or anli- 
CD3- 

In those patients ^'ith relevant symptoms (see Section 1 1) total 
haemolyiic complement and complement components of both the 
classical and alternftfive activation pathv^ays should be Vneasurcd 
immunochemical ly j^nd fbnctionally. 
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Paii«nis suspected of having chronic granulomatous disease 
should have phagocyte flinciion evaluated by: (a) scmi-quantiiativ« 
niiro blue tetrazolium dye reduction after exposure of paiicni's 
peripheral blood cells (o a phagocytic slimuH; (b) meafuremcni 
dirccrly of O^' radical formncion after stimulation of palienx's blood 
cells using PMA or dichlorfluorinc; and quantitatively measuring 
Oj" production; (c) by measuring the phagocytic response using 
chemi luminescence following sitnilar stimulation; (d) by quanci- 
fying capacity of patienCs cejts to Ingest and kill cat&lase positive 
micro-organisms such as ataph/lococcj or paracolobaciUL The 
integrity of the inflammatory response can be tested by Rebuck 
skin window techniques. In vtiro analysis of the inflammatory 
response can be studied by measurement of ehemotaxis. chemo- 
kinesis, and the capacity to produce and release selected 
inflammatory cytoki(»c5. Expression of adhesion molecules (e.g. 
CD 1$) should be assessed. 

Diagnosis of several IDs can be performed at the level of the 
respective genes responsible for the immunodeficiency. Analysis of 
Che gene at the molecular level as well as demonicratiion of ihc 
respective gene products may be performed in specialised 
laboratories, 

6. 2 ImmunogiohuUns ^nd anllbcdie^ 

6,2 J Measurtmem of immunogfobidCtn eonccntraiiQn. Serum 
immunoglobulins are commonly measured by radial immune* 
diffusion or automated immunoturbidometric methods. Other 
techniques ^uch as radioimmunoassay, and CLISA are also 
available and useful for lg£ and IgD measurements* QuaJiiy 
assessment (QA) is widely available throughout the world to 
ensure rcl isibi I ity. Electrophoresis and immunoelecuophorcsis 
are not satisfactory techniques for the quantitation of 
immunoglobulins. Immunoelecrrophoresis and immunofixation 
are however useful in the detection of M-components- 
Immunoglobulin can also be measured in body secretions, e.g. 
saliva, tears ^nd mflk but this is rarely indicated, Monomers of 
IgM (usually a pen tamer) are present in serum of some ID patients 
such as CVID and hyper IgM and may give spuriously high IgM 
levels. The subclasses of IgG can be measured by simple radial 
diffusion or ELISA methods. Although standards and normal 
values for IgG subclasses are now in uie, the ranges in normal 
children !ire ^fcry wide and do not take into consideration genetic 
and geographical variations, IgO subclass dctcrmintttion is of 
limited value in assessing pacicnis with clinical immunodeficiency, 
sincti functional antibody deficiency may be present despite 
normal IgG subclass levels, and conversely deficient levels of a 
single subclass of IgO nn^y be found in individuals who have 
effective specific antibody production and arc clinically normal. 
Methods for IgA subclass determinations are not yet readily 
available and their measurement is not yet of value. Scrum 
immunoglobulin concenirailohS v^jfy with age and environment: 
thus appropriate regional and eihnic age-related and sex-related 
norms must be used. 

Concentrations of immunoglobulins cannot be used as the ^ole 
criteria for the diagnosis of primary ID. Diminitihed immunogtobulin 
levels may bo due to loss as well as decreased synthesis. An indirect 
indication of loss may be obtained by measuring »erum albumin^ 
which is usually lo$iconcomitanily <c,g, through the gastrointestinal 
or renal rracts). Limited hctcrogeaeiiy of immunoglobulins and 
abnormal kappa^lambdn light-chain ratios have been observed in 
ID syndromes;. 



6.2. Z Assessment of antibody/ormaiion foUoyving immuniiathn. 
Antibody-mediated immunity (humoral immunity) may be assessed 
by antibody responses to those antigens to which the population is 
commonly exposed, or following active immunization. Protein or 
polysaccharide antigens may be used; the latter arc pantcuUrly 
relevant in patients with sinopulmonary infections. U is important 
rhat sensUive and reproducible assays arc uscd» such as EL ISA- 
Normal ranges of IgQ antibodies in children following immunization 
are available but need careful Imerpreiation. 

Live vaccines (e.g. BCG and vaccines for poliomyelitis, measles, 
rxjbella and mumps) should never be given, even to family members, 
when primary ID Is suspected. BCG is eontraindicated in patients 
with T-cell or phagocytic cell IDs. Live viral vaccines, including 
polio, measles* mumps and rubella vaccination must not be given in 
patients with T^cell ID (as defined by an absence of antigen specific 
response, e.g. TT) and XLa or other severe B-^ell deficiencies. Live 
vectors are also conCraindicaccd in patients wkh ID. 

The (bUowing tests arc recommended; 

1 * Natural' antibodies; A and B isohaemagglutimns are sometimes 
used as measures of IgM antibodies. 

2 IgG antibody responses to coirimon immunizations: (a) in 
unimmunizcd children, commercial diphtheria/tetanus (DT) or 
Hib-conjugatc vaccines may be given in recommended doses. 
Blood is taken 3 weeks after The last immunization and IgG 
antibodies determined usually by ELISA. A Schicic test may be 
performed for diptheria antibodies. Three doses of killed 
poUomyelicis vaccine (l.O ml incramuscularly, at intervals of { 
2 weeks) can also be used; blood is taken 2 weeks after the ' 
last injection and antibody determined, usually by virus 
neutralization; (b) in patients who have been immunized with ! 
diphtheria/icTanus (DT) or diphtheria/pertussis/tclanus (DPT) ; 
vaccine. IgG »n!i bodies are measuredj if low, one booster 
ifVcction is given, fbl lowed by measurement of antibodies and/ 

or a Schick test. The widespread routine use of Madmophilus I 
ie^u^nxae type b (Hib) conjugate vaccine makes measurement ! 
of IgG antibodies to Hib valuable if this tmrnunization has been 
completed, 

3 Additional active Immunizations that may be recommended: 
(a) bacteriophage 4>X 174, a bacterial virus that is not infective 
for humans, has been shown to be a potent, safe and useful 
antigen; it allows measuremtnl of antigen clearance and primary 
and secondary immune responses*; (b) fo mea^^ure IgO antit^ody 
responses purely to carbohydrate antigens^ pneumococcal or 
meningococcal polysaccharides, or Haemophilus b poly- 
saccharide free of carrier proteins, can l>e used as well as typhoid- 
Vi antigen. Blood is drawn after 3 week^ and IgG antibody is 
determined by ELI$A. These and other pure polysiiocharide 
antigens are not useful in infants under 2 years of age, 
Interpretation of rcswlts in children under 5 years old is difficult, 
as the age at which these responses develop ranges from 2 lo 
4 years of age: (c) oiher uscfljl antigens to measure primao' 
response include: (i) tick-borne encephalitis (killed) vaccine* ; 
(ii) hepatitis A vaccine. Hepatitis B Is not a reliable antigen for 
testing immune competence because of the high frequency of 
non-respondenj in the population, paniculnrly in patients over 
40 years of age. 

6,2.3 6 tytiipkocym, B lymphocyics arc counted by deteciion of 
the membrane-bound CD antigens CD 1 9 anU CD20. This c:tn be 
done either by using a flow cytometer and fluoresceni-labcllcd 
monoclonal antibodies to B-cell antigens or by I mmunohisto logical 
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techniques on whole blood films. Monocytes can be ^isUngulshed 
from B lymphocytes by gating on z. How cytometer, by peroxidase 
or esterase stoning on film inge$iion of IgG-coal«d latex particles 
or by monoclonal antibodies specific for monocyte&> :$uch as to CD 1 4 ^ 
Pre-B cells may be idencificd among bone marrow cells wiih 
purified fluorochrome labelled antibodies to detect cytoplasmic 
\L heavy chains in CO\9^ cd(s. 

6,3 Cell-mediaied immumjy (CMI) 

A number of icsis are comjmonly employed for assessing CMU 
including: delayed -type skin reactions: enumeration of T cells and 
T'Cell subsets: in >tUro tests of T-cc!l function. 

6.3, 1 Skfn tesfing- Delayed cutaneous hypersensitivity (DCH) is 
a localized immunological skin response; the proto^pe is the 
tuberculin skin test. Because DCH is dependent on functional 
thymus-derived lymphocytes (T lymphocytes), DCH may be used 
in screening for T-cell mediated immunodeficiency. Antigens 
generally used arc; mumpS. trichophyton, pudHed protein denvative 
(P?DX candidaor monilia, tetanus or diphcheri4 toxoids. To ascertain 
defective CM I several antigens must be used. All sk(n t^sts are done 
by intv^dermnl injection of 0.1 ml of antigen. Results should be 
read in 48—72 hours for the mnximat diameter of induration, which 
indtcaics intact cell mediated immunity. Erythema is not an iodicatiort 
of DCH. 

1 Tuberculin: 0. 1 ml containing 2 to 1 0 international units (lU) of 
Tween stabilized soluble PPD. 

2 Candida or monilia'': Initially test at 1 :1 00 dduiion. If no reaction, 
testae 1:10 dilution. ^ 

J Trichophyton^! use at 1 :30 dilution. 

4 Mumps»: use undiluted; read at 6-S hours for early Anhus 
reaction (aniibody mediated) and then a^ 48 hours for DCH. 

5 Tetanus and diphtheria t'luid toHold5'':usc oc I ; 100 dilution. 

A positive DCH is informative while a negative DCH tesi may 
be d/fncuU to interpret. This is because DCH is influenced by age. 
steroid therapy, severe illness and recent Immunization. 

W« do not recommend the use of dinitrochlorobenzene (DNCB) 
for skin tcs[ing; it is mutagenic and can cause necrosis, NVe also do 
not recommend ihe use of any muliiicst system for assessing CM(. 

6 3.2 T (ympkocyies- Because of the rclianee on the phenoiypic 
designaTion of T-cell subsets In evaluating paiicnts wi(h ID. it is 
essential to understand the norma* ditfercntiaiion and functions of 
these cells (see Section 2). 

T cells car be enumerated by immunofluorescence wi(h rhe use 
of monoclonal antibodies to CD3, Monoclonals lo CD5 enumerate 
NK as well as T eel la. Flow cyiomctty tecKniquey are more reliable* 
reproducible and sensicive ihan visual microscopic enumeration; if 
a. flow cytometer Is noc available, immunohisiological techniques 
usins either cnzymmic or Immono/luorcscent labelled antibodies 
can be used. CD4 and CDS monoclonal antibodies recognize 
important subsets of T ceils, though monoclonal antibodies to CD8 
enumerate NK as well as T celts. C04 cells recognize antigen in 
association wiih ihe class \\ MHC (HLA-D) molecules, and CDS 
cells recognise amigen3 in association with class I MHC (HLA-A. 
HLa-B and HLA-C) molecules. Anligcn-spccific T-cell rejponseii 
nre MHC restricted. Abnormalities in (he number of CD4 or CDS 
cells can be associated wiih abnormalities in cognate as well as 
regulatory functions of T cells and may lead to immuno- 
ineonipeicnce or auio-immunity 



In suspected cases of hyper IgM immunodefietency, T cells 
activated by PM A and ion omycin should be analyzed for expression 
oftheCD40ligand. 

6.3.3 In v//ro stimulation qf lymphocytes. Lymphocytes can be 
acrivated /« viVroby (a) mitogens such as phytohacmagglutinin (PHa) 
pokewced mitogen (PWM) or concanAVolin A (Con A); (b) antigens 
such as PPD, Candida, streptokinase, tetanus and diphcheria, )f the 
patient has had prior encounter with the antigen or with superantigens 
such as toxic shock syndrome toxin (TSST); (c) allogeneic cells; 
and (d> antibodies to T-ce!i surface molecules involved in Signal 
tr^sduciion such as to CD3, CD2, CDSft and CD43. 

T-Ijmiphocyie activation can be assessed directly by (a) expres- 
sion of activation antigens; (b) measuring blastopenesis and/or 
proliferation of cells; and (c) release of mediators, 

A rapid result can be detected by detection of activation markers. 
Activated T cells express CD69< IL-2 receptors alpha (CD25), 
rraflsfemn receptors (CD? I ) and MHC class 11 molecules not present 
or present in low numbers on resting T cells. T»Cell populations to 
be assessed for iheir capaci^ to express these receptors arc acimulated 
with a soluble lectin such as PHA, and examined 1-2 days later by 
director indirect immunofluorescence using monoclonal awibodlcs 
toCD25, or transferrin CD7 1 or MHC class II molecules and a flow 
cyiometcr. 

The blascogenic response is assayed after 3—7 days depending 
on the nature of the scimulam. by ^H- or "C-labelled thymidine 
incorporation for 1 6-24 hours. This is tbllowed by DNA extraction 
or ceil precipitation on filter poper end subsequent liquid scintillation 
counting. ConU'ol values of unstimulated cultures vary from person 
to person and from day to day. Data on unstimulated and stimulated 
cultures should always be given. Soluble PHA or Con A require the 
presence of monocytes for siimulaiion of T cells; under certain 
conditions, however, such as when bound to particulate matter, Chey 
may also stimulate B cells, PWM stimulates a response to both T and 
B cells, although T cells must be present for the B cells to be 
stimulated. The mixed lymphocyte reaction (MLC) results from 
T-cclJ reactivity to MHC antigens displayed on B cells and 
monocytes. It should be noted that, when normal irradiated or 
mdomycin C-*trcatcd lymphocyics are ihe stimulators of an MLC» 
the normal T cells in ihe culture may secrete factors that induce 
blastogenesis in the patienr*s lymphocytes- Therefore it is preferable 
10 useB-cell lines or T-cell depleted normal cells as ihe stimulators. 

Activated T-cells and monocytes synthesize and sccrcie 
interleukins-2»4^5,and 6^ intcrferon-r and other cytokincsj, The 
supematants of pcraphcrai blood mononuclear cells sclmulatcd by 
soluble PHA can be assessed for IL»2 by on ELISa technique or by 
determining iheir capacity to stimulate ^H-thymidine uptake by 
mouse tL-2 dependent cultured T-cell fines (e.g. CTLL2). The 
bioassay should be confirmed wi^h blocking antibodies to IL^2, since 
other cytokines (e.g. IL-15) also activate this system. .Specific in 
vitro systems also exist lo assay other cytokines. It may soon be 
possible to measure synthesis of intracellular cytokines reliably and 
quantitatively. 

64 NKaeiix 

Monoclonal antibodies against CD!6, CD56 and CDS7 even though 
ihcy are not lineage specific, may be useful for <he dcteC(ion and 
enumeration of natural killer (NK) cells. NK functional activity con 
be assessed by a cywtoxici^y assay against cell line such es K563. 

This is important m thv diagnosis of SCID, Chediok-Higashi 
syndrome and rare caso of totaled NK cell dcnctencics. 
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7 OTHER TESTS 

Examinmion of blood is c^scnitdl, an^ biopjties of bone marro^* 
rectum and intestine, skin and lymphoid tissue may also b6 wAfranwd 
for the dii^grtosis or classidcutTOn of ID. In addition^ poslmortem 
examination may ptii-mit diagnosis of ram\liaLl defects, imponani for 
gcnciic couni'cllifig and for understanding the pathogenesis of ID- 

7./ Blood 

A loul lymphocyte couw is c;$scntial in the diagnosis of primary ID. 
Mosi patients wjth severe combined ID (SCID) and thymic hypopld^ia 
have persistently low total lymphocyte counts (less than 1 .5 x lO^/I 
or 1500/mmP). Lymphopenia con also be secondary to viral infectionss 
malnutrilion^ cell to3Ss autoimmune diseases and myelophihisis as in 
haematopoietic malignancy. Nortnal lymphocyte counts do not 
exclude the diagnosis of SCID. Lymphocyte counts are variable in 
other forms of ID, Parienw whh reticular dysgenesis have pan- 
cytopenia, ThrombocytopenisL and small plateleis in a male infant 
SUfgesi the Wiskott-Aldrich syndrome. Some patients with ID are 
anaemic; this may include a Coombs' positive hacmolytic anaemia. 

7.2 Bont morrow 

Bone marrow aspiranon or biopsy important for exclusion of other 
diseases, for identification of pU^ima cetts and prc-6 cells and for 
diagnosis of obscure infections, 

7.3 Lymph nodes 

Lymph node biopsy is not necessaty for the diagnosis of most ID 
but may be hclpfuL Rapidly enlarging lymph nodes should be 
biopsied; inaction, malignnncy or follicular hyperplasia may be 
the cause, Lymph node biopsies are potentially hazardous in SCID: 
they heal poorly and may product? a portal of entry for infection. 

7.^ JRcctcl and miestinal biopsy 

Examination of rectal tissue for plasma cells aad lymphoid cells by 
htsiological and immunohislological methods may be informative 
in patients with common variable (D and selective IgA deficiency, 
Lymphoid celts are found in rccial and intestinal biopsies in normal 
infants aged more than 1 5-20 days old. Jejunal biopsy may show 
villous atrophy and may demonstrate Ciardia lambiia and 
Cryptosporidia! infcciions, 

7.5 Skin biopsy 

Biopsy of skin is useful to establish a diagnosis of graft-vcrsus-host 
(CVH) reaction in patients with ID afler blood transfusion, bone 
marrow and fetal tissue transplantation or from matemal/fecal transfer 
of lymphocytes *> utero, 

7 6 Thymus 

Thymic biopsy should be pcrfontied only by skilled surgeons. It 
should be performed only when thymoma is suspccicdt 

7. 7 Chimerism 

Chimerism (the occurrence in one individual of two genetically 
dUTereni cell lines), when observed in ID can be congenital or 
acquired. The former is due to inimuicrinc implantarion of maternal 
cclh; the laUer can occur aner blood transfusion, botic marrow 
wansphnlation or tetal tissue implants. The prtscncc and origin of 
lymphoid chimeric cells can be ascertained by karyotype, human 
leukocyte (HLA) or other antigenic typing, and analysis of highly 
polymorphic markers. 



7.3 Specidi studies 

Adenosine deaminase (ADA) and purine nucleoside phosphory^ase 
(PNP) levels should be determined in al I patients with possible SCID 
and T-cell deficiency. Scrum alpha fetoprotein levels may be of value 
in separating patients with ataxla^telangicciasia (A»T) from those 
with other neurological disorders; it is increased (40-2000 i^g/1) in 
at least 95% of persons with a-T. In pailents wfih SCID* blood 
mononuclear cells should be examined for ihc presence of class l\ 
histocompalibilicy molecules to rule out ihe diagnosis of MHC class 
11 deficiency. Cytogenic analysis \s useful in diagnosis of A-T and 
other chromoson\ai breakage syndrome. Molecular cytogenetic 
studies are helpful in diagnosis of the DiGcorgc anomaly and should 
be performed. This m^y be informative in other conditions (see 
Section 10), 

7. 9 Studies for infoctious agents 

The diagnosis of infection in ID is complex and beyond the scope 
of this report. In patients with ID, diagnosis of viral infection by 
antibody determinarions arc of Utile or no value since the patients 
have defective antibody formation. Direct viral isolation and/or 
identification of ihc viral genome (e.g. by PGR) are necessary to 
prove infection. In the presence of CNS symptoms. C5F cultures 
as well as PCfttcsts arc important and brain biopsy may be required. 
HIV can be detected in peripheral blood lymphocytes and pliisma 
by PCR analysis. Bronchial lavage may be useful for the diagnosis 
of Pneumocystis canniim^ Other pulmonary pathogens. 

8 GENETICS CARRIER DETECTION 
AND PRENATAL DIAGNOSIS 

Inheritance patterns afc known for most of the primary 

immunodeficiency diseases and are given in Tables 1, 2, 3, 4 and 5. 
The known chromosomal map locations of several immuno- 
deficiencies arc given in Tabic 6. Tabic 4 contains the presently 
known chromosomal map locations of the complement genes. These 
recent advances in ihe precise mapping of the various immuno- 
deficiency diseases and the availability of highly polymorphic 
markers often makes can^ier detection and prenatal diagnosis possible 
(Table 7), 

Carrier dciccrion can be accomplished in several of these 
diseases. Where the location of the gene has been reasonably 
established (see Table 6), polymorphic markers may, in informative 
I^ilics, identify carriers with reasonable certainty. In those Instances 
where a specific enzyme or complemeni componenE delect is present, 
heiero2ygot« carriers can be ascertained from reduced levels of the 
enzyme or component in question. In some X-l inked diseases, 
preferential selection against cells carrying the abnormal X 
chromosome daring cell proliferation and differenriaiion of affected 
cell lineages permits deiemiinarion of the carrier status. Preferential 
selection does not occur in carriers of the X-linked hyper IgM 
syndrome or X-linkcd chronic granulomatous disease. 

At the present time, prenacal diagnosis can be made by obtaining 
fetal blood samples, amnion cells or chorionic villus biopsy. In some 
ID polymorphic markers can be used to establish diagnosis 
prenaially. The absence ofB orT lymphocytes fl-om umbilical cord 
blood can be uatcd for the prenatal diagnosis of X-Unked 
agammaglobulinacmia and SCID, respectively, l-lowcvcr, whenever 
possible, prenatal diagnosis should be accomplished by molecular 
tests. Chronic vj||| arc preferable to fetal blood sample:^ to ascertain 
adenosine deaminase or purine nucleoside phosphorylase deficiency. 
Absence of cell membrane components such as MHC class K 
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Xkbic I* Combined immunodct1ci<ncics 



Resignation 



\. T-a>SCID 

(a) X-Unk€d Dccrensed 
{yc deficiency) 

(b) Autosomol recessive D«cr«a9«4 
(JaV3 dericicftcy) 

2-T-B-SCID 

(a) KAC 1/2 deficiency Dccmafc^l 

(b) A<leno$inc dfiammA$e D^CfeA^C^ 
(ADA) dtficktncy 



(c) tleiiculaf dyigentsl^ Decreased 



3- X»(inkcd h>pcr IgM 
syndrome 



4. t^urina nucleoiide 
phosphoryfa&c (PNP) 
deficiency 

5. MKC class fl 
deficiency 



6. CD3 Y or CD3e 
deficiency 



IgM & (SD 
increased or 
normal; oiher 

decreased 

Normal or 
decreased 



Normal or 
decreased 



Normal 



7. iAP'VO deficiency Norm*! 



S. TaP*2 deficiency Nonnal 



Circula«n« Circulating 
a cells T eclU 



Normal or 
increased 
Normal or 

incretiAnii 



Markedly 
dccrc9$cd 
Progressive 
decrease 



Markedly 
dccrcdscd 
Markedly 
decreased 



Mwkcdiy 
dedrci5«d 
Progrosflive 
decrease 



Moffccdly-^ Markedly 
decrvAsed decrcsed 



IgM & IgD Normal 

bearing cells 

present 

others 

absent 



Nonnal 



Normal 



PresuTTicd 
pnthogen<si& 



Mutaitons In y ch&tn 
of rcccpiors 
Mtttfllion in iak3 



MuuUon in RAG I /2 genes 

T-cell and B-cell dofacls Trom 
loxic meiatioli<es (e.g. dATP, 
S-adenosyl homocysietne) 
due lo enayme deficiency 
Defective mMurftUon of 
T and 8 cells and myeloid 
cells (nem cell defect) 



Normal 



Notrntrl 



Progfcssivc 
decrease 



Normal, 
decreased 
Ct>4 numbers 

Normnf 



A5socia(«d 
InKcrilancc features 



XL 
AR 



AR 

AR. 



AR 



Muuiions in CD^O iJgand gene XL 



T-cell defect fVom loxic AR 
metabolite; (e.^. dOTP) due 
lo onzymv deficiency 

Mutation In trinscripiion AR 
factors (CIITa or RFX-i genes) 
for MHC ciMJ Jl moleculej 

Defective transcription of AR 
CD3y or CD3c chain 



Oceretiicd Mulnlion; in Zap-''^ kinase ^enc AR 

CD4, normal 

CDd 



NormQl Decreased Mutations in TaP-2 gena 
CDS, normal 
CD4 



AR 



Cranulocytopenla 
Thrombocyrop^nia 



Neutropenia 
Thrombocyiopen ia 
Hacntolyiic anaemFa 
Gasiroimesimal & liver 
involvement 

AutQimune haemolyttc 
anaemia; neurological 
symptoms 



MHC ciass 1 deficiency 



molecules and CD) 8 oh fetal blood cells can identify MHC Clas5 It Precise nomenclature and standard! ;:ed diagnostic criteria arc crucial 
deficiency and the leukocyte adhesion defect I . for ca?c docu men cation, comparison and com pi lad on of registries. 



9 PRIMARY SPECIFIC IMMUNODEFICIENCY 

9 J (ntrvduction 

Nomenclature and characieristics of currently recognized Primaiy 
Ixtimunodcficiency Diseases are given in Tables I, 2t 3 and 8, The 
coiumns provide the points below. 

P././ Designaud fiomenchtun. Nomenciaturc (hat defines the 
presumed cause or t^c most characteristic expression of the disease 
Is generally used. Eponymii have been avoided because original 
descriptions from which they were derived preceded modern 
immunologtcnl techniques and^ as a result, rnay be misleading. 



9.1.2 Strum immunoglohuUn le vets. Dcfecti ve ancibody format} on 
15 the most common abnormality in the majority of Primary 
Immunodeficiency Diseases. It is generally reflected by decreased 
total scrum Ig. Thus scrxim antibody and serum Ig concentrations 
arc combined under a single heading. 

9./.i Circulaiing 8 and T lymphocyfes. Enumeration and 
chardCTerization of circulating lymphocytes is essential for (he 
diagnosis. Methods for T- and B^lymphocytc enumeration and 
diffefeniiaiion markers are given in Scciions 6,2,3 and 63.2 and for 
function analysts in Sections 6.3. 1 and 6.3.3, Skin tests for delayiitd 
hypcrscnsitiviiy (cell mediated ir^uniiy - CMl) generally nelleci 
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Tabic 2, Pr«dcminftnUy Antibody d«t1cicnetoft 



Associated 
designation 



6 cclU 



7. Non X-I inked hyper 
IgM syndrome 



All idoiypcf 
decrcftsc<l 

IgM and IgD 
incrciaeU or nonnaf 
other isotopes decreased 



Profoundly 
dccrenfed 

IgM Knd IgD 

bi:ar)n£ oelU 
present others 
absent 



3. Ig hcavy-cKain 
gene ddclions 



4, K Chnin d«ric!€ncy 

mutatfon^ a< AR 



IgGi Of IeG2. rsC4 ab$«nl Nofmal or 
and in $omc cases lg£ and dacretted 
abseni 



ls(K) decreased^ antibody 
nsponst nortnal or 
decreased 



S. Sclcotive deficiency Decrease ir\ orvc or more 
of I5C *«bcla5S«« with IgG isotypcs 
or wiihou( IgA dcflfliency 

61 Anitbody deficiency Normal 
with normal Igs 



7. Commcn vari3kb]« 
imnfiunodeflciency 

9. \gA deficiency 



Virious d«cr«*scs of 
muliipic isoty^es 

r^l and I^a2 
decreased 



Nortnal or 
decreased 
■c-bearing c«lls 

Normal or 
iminature 



Norrn*! 



Nonnal or 
decreased 

Normal or 
dccrea?eo jfgA^ 



0, Transient hypogamma- IgG and IgA decreased 
dfobuUnacml& of infancy 



10. AiKosomal recessive Alf isotopes decreased 
a^amm8;;lobulinaemia 



Normal 



Profoundly 
decreased 



Mutations in bik gene XL 



Uknown 



Chromosomal delelion AR 
al 14<p2 



Point muK»ton5 at aR 
chronno&ome^pM in 
5ome patients 

Defec(5 of isotype Unknown 
diRcrcniiation 



Unknown Unknown 



Variable: undetermined Variable 



Failure of terminal Variable 
diflhentieAion in 
IgA'^B cells 

DlfferenUation defect: Unknown 
dftl^ycd maturation of 
helper f\joc^fon 

Inirinsic defect pre-fi to AR 
B-cell difTerennarion 



Associaicd 
features 



Neu(rop«nia 

Tfirembocyiopenii 
Haemolylic anaemia 
GajirolniesOnal and liver 
involvement 



See (cxc Section 9.3.6 



Autoimmune and 
allergic disorders 



Frequenc jn familjcs with 
other IDs 



T-lymphocyce numbers and in ^Uro functional assays, they ar« thus 
omitled from the listed characicri:^tic5. 

9 I. ^ Pr^umed pathogenesis. Many Primary Immunodeficiency 
Di$e;ase$ result from impeded B or T lymphocyte developrncnt and 
differentiation. The normal ontogeny is described 10 Section 1 
(Cellular basis of the immune response)^ end 15 schematically shown 
in Pig. U Tho probable location of the arresl in de^^elopment or 
dlfTcreritiQtrOn is indicated where possible. In the few instances 
where the defect can be more precisely identift«d, greater details 
arc given, 

9JJ inheriiance. Many of the Primary Immunodeficiency 
Diseases are inherited. The jnherlti^ftcc of thOic that have been well 
defined is noted. Approximotc chromosomal gene map location Is 
given in Table 6. 

9. /. 5 Associaud f^afuns. Commonly as^ocimed. choracierisiic 
ai)d often di4gno5cic non-itnmunoiogical fezitures for some of the 



Primary Immunodeficiency Diseases m listed. Additional conditions 
th^t have been associated with Immunodeficiency are described in 
Section 10 (Immunodeficiency associated wlih or secondary to other 
diseases). 

9.2 Combiricd immunoc/e/tciencies (CID) 
This g^roup of diseases (Tabic I) is characterized clinically and 
immuno logically by defects in both T and 0 lymphocytes, Criteria 
for diagnosis generally include presentation in infancy with severe, 
poicntially letftal infcciions» profound abnormalities of CMI 
and antibody deficiency^ and lymphopenia, particularly of 
T lymphocytes. The clinical pre&entacion usually Includes failure to 
thrive and unusually persistent infections with low virulence 
opportunistic organisms (for example. Candida, PneumccysKs 
conntt, cytomcgalovinis). These ftndinfifi require differentiation from 
infants with AIDS. HIV studies should include viral isolation or 
PCR studies for viral genome. SCID is further distinguished on the 
basis of pathogenesis where known (e.g. enzyme defects), mode of 
inheritance and level of fbuU:^difrcrcntiation. 
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'r»h(« X Other vvcd -defined imitiunodcficUncy syndromes 





Semm and 
antibodies 


Cireulinng 
B cads 


T cells 


C«ne{iC 
defbol 


Inherttancc 


Aisociaced 
feswrcs 


I. Wiskott-Aldrich 


Decreased rgM: 


Nornii'il 


Progfcsiive 


Mutations in WA5p 


xt 


Thrombocytopenia; 


SynGforrie 


afllltTOQy 










small defeciiv^ 


pQly^accbarid&s 






defect addling 




pUieku; eczema: 














lymphomvKs; 




d«crei3ed; often 






eqlt derivatives 




auloimmun« dis^e 




Increased and IgE 


















Decreased 


Mill all on in A^T 








t&A, TgE &!\d 






gene [ATMy, disorder 




increased alph« 


IgG subclasses; 






of celf cycle checkpoint 




fctoproKifi; lympho- 




increased JgM 






parhwy leading to 




reticular and other 




monomers; anil bodies 






chromosomal insubtltiy 




malrgnancie^; increa^d X-ray 




variably decreased 










seniiliviiy 


3, DiGcorgc 


Normal or decreased 




Dccfvftsed 


Coniiguous gen« 


De novo 


Hypoparaihyfoidtsm; 


inom&ly 






or normkt 


defect in 90% AffecKlng 


defect or 


conotrtincsU mfiifofmation: 








fhyrniG development 


AD 


abnormal faciei', pvcia! 














moi\osomy of 12ql l-p«r or 














lOp In some patients 



Tabic 4. Complement deficiencies 



Chromosomal Ch'^mojomal 



Deficiency 


Inherifancii 


location 


symptom 


Clq 


AR 


I 


'SLE-like syndrome. 






rheumatoid dfjcase, inicCTion 


CIr* 


AR 


U 


SL£-Uke s)rn4fom«, 








rheumatoid di&eA&e, infeclion 




AR 


Ci 


SLE-IJke syndrome 








rheumatoid disease, infection 


C2** 


AR 


6 


SL6-nKc Syndrome, 








viisculilU, polymyosiciji 


C3 


aR 


19 


Recurrent pyogenic 








Infections 


C5 


AR 


9 


NcisscTio* inrectfOn, SLE 


C6 


AR 


5 


Nei&feriaf infeclion, SLE 


C7 


aR 


5 


NclsserittI infection, SLE, 








vasculitts 




aR 


1 


Nejs$eriaf tnfcclion. SLE 


csp 


aR 


1 


Ncisscnit infecrion, SLf^ 


C9 


aR 


5 


Neisseria! infection 


Cl inhibtior 


AD 


U 


Hereditary an»iocdcma 


Factor I 


aR 


4 


Recurrent pyogenic 








infections 


Faowr H 


aR 


! 


Recurrent pyogenic 








in lection; 


Factor D 


aR 


1 


Neisserial infeciion 


Properdin 




X 


Neiffscrial infcciion 



* Clr deficiency in moftl cases is associated with C!s deficiency, The 

gene Tor 4lso maps to cltromosomo t2 p ter 

C2 deficiency Is in linkage dise^jui I Ibrium with HLA-A25, Bie and 
vnd eoitiploiype, S043 [slow variant of l^aclor B. absent C2« type 

4C4A,iypc2C*81. 
"■■CSa deficiency is nlway^ afisociated with CSy deffciency. The gene 

encoding C8r maps to chromosome 9 and is normal but CBy cov^letiily 

binds to C9a. 



9.2, i Severe combined immunod^iciency fSCID), Patients wi<h 
SCID can be divided inio twts large groups: (i) those who lack both 
T and B lynfiphocytes (T-B.<SC1D), and (ii) thgse >who have normal 
to ir^cre&sed B cells, and lack of T lymphocytes (T- B4* SCID). 
X-Iinkcd, T- B> SCID is the most common form of SCID. and is 
due to mutations ir\ th« yc chatn shared fay the receptors for IL-'Z, 
ILA IL-7. lL-9 IL-15. Autosomal recessive, T- SCID is 
due 10 mucacions of the miracellular kit^a$e, JaK3^ that binds to yc. 
Some patients ^ith SClD have symptoms siinUBr to graft versus 
host disease (GVH) in the neotkatal period. This has been termed 
'Ottienn's Syndrome' ; the disease Is not, however, due to engfattmcnt 
of rnaternat celts. The genetic and molecular bases of several forms 
of SCID ha^e been deiennined and are listed in Tabic 8 and described 
in Section 9,4 . Bone marrow transplantation is the ircatmeni of choice 
for SCID. '^ith excellent results. 

P,2. /. / RA0~}/-2 deficiency. Many patients with T^B* SCID 
have mutations in RaO-I op RaO-Z genes, These infants have very 
few B or T cellj but may have normal or increased numbers of NK 
cells. The defects are inherited as an autosomal recessive. 

9,2. J. 2 Adenosine deaminase (ADA) deficiertcy* There is a 
group of distinctive patients whose SCID results from defects in the 
enzyme ADA. This group of phenotypically similar genetic defects 
include various mutations ^within the gene encoding ADA on 
chromosofne 20q l3-ler It^ the absence of ADA, toxic metabolites 
of the purine pathway (dATP) and ihc mcthyiatjon pathway 
(S'Hdcnosyl homocysteine) accumulate within the cell and Impaif 
prolifcraiion; a$ a result both T^- and B-lymphocyie functions arc 
defective, Inheritance of the defect is autosomal recessive. Rare 
patients with certain mutcilions in ADA that result in a mild phenotype 
m^y have laie onset of ID. 

9*2^ IJ Redcuiar dysggntsis. This rare hereditary autosomal 
recessive disease is generally tethal^shortfy after binh. It rcsuJis from 
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failMre in the maturaiion of both lymphoid and myeloid precursoRi 
and U characterized noi only by striking lymphopenia, but also by 
$evcrcgrat\ulocyioper»»aon<J thrombocytopenia, and overwhelming 
infections with early death, EngraAiThsntorrnatcmalTccllsirt 5CTD 
mfj^nis may occasionalJy mimic reticular dysgenesis. 

9.2. 2 [mmurtoghtulin de/tc(ency with incr^as^d igM (the hyptr- 
IgM syndrome). This syndrome apparently represents a group of 
distinct Antilles with similar clinical (and pheaotypic) expression. 
70% of the cases ar« X*l inked in inheritance; oihfirs ha^e been 
4Uto$omal recessive- Diagnostic criteria include impeded antibody 
formaiion. Patients may have an iniaa IgM antibody response. There 
is no switch to \gG antibody formation. Thus $erum IgM (and 
sometimes IgD) leveU uxt elevated while IgC and IgA levels arc 
diminished. Circubting B lymphocytes bear only IgM and IgD. The 



defect is a failure of isotype switch bvt ihafe is no defect in the 
switch regions of B lymphocytes- Most patients have recurrent or 
pcrsisteni Aeuirop«ntft and thrombocytopenia. Defects in CMI have 
been noted in •iotnc patients. 

In the X-lioked form, the genetic defect has been identified in 
mt)iaiion of ihc geac for the CD40 liganil, which is expressed on 
activated T lymphocytes. The interaction of the CD40 ligund with 
CD40 on B lymphocyte* is nsquisite for productive isotype 
switching. The gene for the CD^O ligand maps to Xq26. where the 
hyper- IgM syndrome had previously been mapped. The CD40 ligand 
IS a rypt 2 glycoprotein that belongs to the same gene fomtly as 
tumour necrosis factor. In most cases no CD40 ligand is expressed 
on the T cells of these paiicnts, In others a mutant non- functional 
protein is expressed and these patients may have a less severe 
phenoiype. 



J 



T^ible 5, Congenital defects of phagocytic number and/or (unction 



Disease 


Affected ccHs 


Functional defects 


Iiihefiiance 


Features 


Severe conge nittil 
neutropenia 
cyclic ncti(rop<nia 


N 

(ViBfnjy ci 




Aft 


Subgroup with G-CSF-R 
mutation and MDS/AML 
L/sct{i«iiori» Qt rcficu'oeyies. pij|reict5 
and other leukocytes 


Leukocyte adhesion defect 1 
[deficicnr^y of bets chain 
CCDtd> of LFA-I, Mac K 
Pi 50.95] 




ChemoiaxiSr adherence, 
endocytosis 


AR 


Delayed cord separation, chronic 
jkin ulcers, periodontitis, 
leukocytosis, defective T-^NK-ccU 
cyiotoxicity 


ILeukocyie adhesion defeoi 2 
(tailore to convea GOP 
manno^e [o fucose) 


Mainly N M 


Chemotaxis, rolling 


AK 


Ocbyed wovnd healing, chronic 
skin ujccr^, periodontitis, ment«t 
retardation, leukocytosis, QombAy 
btood group 


Chcdiak-Hignshi syndrome 


Mainly N-^M-^-NK 


Chctnotaxis 


AR 


Oculo-culaneoti:! albinism, giant 
granule! ofalt nucleated cells, terminal, 
haemophagocytic ^syndrome 


Specific granule deficiency 


N 


Chemotaxif 


AR 


N with bi-lobed nuclei 


^ch^i^itchi^an syndiomc 


N 


Chemota^is 


AR 


Anaemia, thrombocytopenia, 
pancreatic insa/T^cicncy, chondro- 
dysplasia, hypcgammaglobvlinaemia 


Chronlic granulomatous disease 
(a) X-linkcd CGD (deficiency 
of 9]ltD chain of eytoehrome b) 




Kilfing (faulty production 
of superoxide metabolites) 


XL 


McLcod phenoiypc* 


(b) Autosomal recessive 
(deficiencies of 22 kO chain of 
cytochrome b or of Pd? or P67 
cyiojol ftwiors) 




Killing — Above 


AR 




Neutrophil G6PD 
deficiency 




Killing 


XL 


Anaemia 


Mye]op«roKrda»c deficiency 


M 


Killing 


AR 




11^^ receptor deficiency 




Killing 


AR 


Extreme susceptibility lo 
mycobacteria 



■) 

J 



N=*neuirophih; M^n^onocytes/macrophages: U=lymphocytes; NK»» natural killer cells 

•Some patients have deletions in the short ami of the X chromosoirei in these patienU additional leslurcs including Mcteod phcnotypc, retinitis 
plg^mcntosa and Duclvcnne muscuU^ dystrophy niTty be found. 
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X'Vinkcd 5cvcr« combined immunMcflciency 


Xql3M33 


2. 


X-1 inked agammJ^globuHnmsmia 


Xq2I.3-22 


3. 


X-Vink-«a *fmm\modcficicncy incrcuscd IgM 


Xq26-27 


4. 


Wjsfcoti-Aldrich syndrome 


XpM.22-nJ 


5, 


X-linked chronic grunulomalous disease 


Xp2M 


<5. 


X-Iinked !ymphoprolifcraiive syndrome 


Xq2« 


7. 


Adenosine deaminiue dcficioncy 


20ql3-Kr 


a. 


t^ofine nxicleosidc phoiipKorylAse deficiency 






ZAP-70 deficiency 


2ql2 


10, 


jAk3 difficiency 


I9pl3.l 


11. 


RAG.l/RAO-2 


Up 12-1 3 


12. 


Kappa chsin deficiency 


2pll 


li. 


Ig heavy chain de|e;)ori 


tA<|32.2 


U. 


AiaKia<^iel ungleciu U 


ilq23.» 


15. 


Autosomal rccenive cbroTiic ^Anulomatous di^cme 




p22 phox 


I6q24 




p47 phex 


7qll.23 




p67 phox 


lq25 




Lrrtikocyic adhesion deficiency I 


21q22.3 


17, 


IFN-rR a chain deficiency 


6qJ«-2l 




Chedij\k-Higaslti syndrome 


lq4.3 


19. 


TaP'2 


«p21.3 


20. 


CUTA 


l6pl3.t-2 


21. 


RFX5 


Iq2l 



• The complement gene map locwton* (and hence |he dedciencics Ihefeof) 
Htc given in Table 5. 



9.2.3 Purine nucUosi^u phosphorylass. fPNP) deficiency. Thij 
auiosomRl recessive disease results from defects in the gene encoding 
the cn2;ymc PNP located on chromosome 14. in the absence of 
PNP, loxlc mctaboIi(C5. in this case dOTR accumulaic within the 
cell and impair pro If fcralion. T lymphocytes are pirticularly sensitive 
10 the accumulau'on of dGTP and ihcy arc affccied to a greater degree 
than B lymphocytes. Then: are thus Immunologicoi differences 
between ADA and PNP deficiency. 

9,2^^ MHfC dass I! d$flcf€ficy. The disease is due (o a defect in 
proteins fhat promoie ir«nscription of c\a5S tl molecules, The disease 



is Hctenagcncous and four complementation groups are prc&cnUy 
known. CoraplcmcnUtioo group a resutrs from mutations in the gene 
encoding class II tran^ription activaiion (ClITA), Conriplementation 
group C TOults from mutation in the |;cned for the hctcrodimcr RFVS, 
whereas mutations of p36 (that bindy to RFX5) accoum fof 
complemencaiion group 0. In the absence of class 11 MHC molecules, 
cognitive ftjncitons, particularly those involving CD^^ T lympho- 
cytes, arc impaired. Circulating lymphocyte numbers are normal, 
but CD^T ceils arc decreased. Antibody synthesis and £crum 
immtinoglobviHns are decreased and CMI is defective, Several of 
these children have been recipients of successful bone marrow 
transplants. An unusual phenotype with residual expression of 
HLA-DRo( and p chains is associated with a nonnal number of 
circulating CDd-r* lymphocytes, and a more benign clinical course. 

9JJ CD3 deftffiency. The phenotype of CD3 dcfioicncy may be 
variable, even within a family, due to variable expression of CD3 
on ihe T-ceU membrane. Dcficiettcies or abnormalities of CD3 y 
and e have been described, 

9.2.6 Z4P'70 deficiency. This rare deficiency is inherited as an 
autosomal recessive trait and is due lo mutations in the gene for 
2AP-70 (sec Fig* 4), a tyrosine kinase )nvo|vc<J in TCR signalling. 

T celts arc present in normal or elevated numbers but are not 
jfunctional. Some of ihci-e children have been recipients of soccessftil 
bone marrow transplants. 

9.2.7 TAP 2 peptide tranxport^r dt/ickncy. In one fomily, an 
immunodeficiency characterized by reduced HLA class I molecules 
e:)(prrs5ion, low CDS T-ceU counts and defeclive cytotoxicities has 
been found in association with mutation in the gene encoding [he 
peptide transporter chain TAP2. The latter is necessary for the 
transport of peptides into the endoplasmic reticulum for binding to 
the groove of MHC class I molecules, 

9.3 Predominantly antibody defects 

The defect in several of the Primary Immunodeficiency Diseases Is 
restricted to antibody formation, either from impeded B -lymphocyte 
development or failure of effective B-lymphocyte responses lo 
T-lymphocyte signals. This group of diseases^ summarized in 
Table 2^ presents clinically with recurrent pyogenic infections. 



Tuble 7. PrenatM diagnosis 





Informative 






f>estriction fragment 




Diseases 


length polymorphisms 


Finding in fetoJ cord blood or amnion celU 


X-Unked a«ammaslohu)ln4emi$ 




Absence of B cells 


X-linkad MVcfe combined immunodeficiency 


1*. 


Absence of T cells 


Autosomal recessive severe comt>ined immunodeficiency 




Absenee of T cells (and D cells) 


Wiskott-Aldrich syndrome 




'Bald' lymphocytes by scanning EM 


Ataxia-telangiectasia 




Radioicnsicivity 


MHC class II dcfioicncy 




Absence of MHC class If molecules on cell membranes 


Leukocyte adhesion deficiency 


n 


Abience ofCDie on phflgocyics 


X-l inked chronic granulomatous disease 




Abnormal oxygen radical produclion 


AuToaomal fecessive chronic granulomatous disease 




Abnormal oxyge" radical production 


Adefioslrte deaminase dcHcicncy 




Decreased ADA in red blood celts 


Purine nucleoli de pho&phorylase denciency 




Decreased PNP in red blood cftlS 



*Potentiuliy possible, but not yet well established. 
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TaWc 8, Ofhef primitry irnmunodciicicncy dis«a£CJi 

PTimiiy CD4 deficiency 
Primw CO? deficiency 

lL-2 deficiency 

Multiple cytokine d<:fjciency 

Si'sn;it kr&niiducrion deHciency ± myopathy 

Cftlcium fliix deflckncy ^^t(n myopaihy 



P.i,y X-Knk&d a^Mm^lobultfioemio, This is the protoiypic 
amibody deficiency. Affected males present in infancy or cflriy 
childhood wi\h tecurrenl pyogenic mfcciions. The tonsils are small 
and lymph i\<idc5 arc vasually no< pftlpaWe. Criicna for diagnosis 
include profound inability Co make antibody and resulum tow 
conoenifMions of all immunogfobulin isoi^es. Their k a decrease 
\f\ circulatiDfiB lymphocytes (usually less than S/1000 lymphocytes); 
pla5n>a cells and germinal centres flrc ab5cni. The number and f\)nction 
of T lymphocytes (including ccll-mediared immunicy) are unadflfecwd. 
Pre-B cells arc normally found in ihc bone marrow, The gene defect 
has bcca localised to the long arm of chc X chromosome {Xq2ti3« 
22). XLA is due to mutations in a cytoplasmic tyrosine kinase 
desigoawd btk or Brucon's egammaglobuMnaemia tyro5me kinase, 
\\ consists of an N-terminal plccksrrin homology domain (PH). 
followed by a Tec (TH) domain, a Src homology 3. 1 e, a $H3 domain, 
a SHI domain and a C-tcrminal SHI or tyrosine kma5e domain. 
Mutations in all five domains of btk have been fovnd in XLA. The 
scid muiation in mice is due to a missense mutation in ^hich an 
afglnine oi residue 28 in the PH domain is converted to a eystemc, 
In female carriers of XLA the defective chromosome 15 preferentially 
Iyo^i^cd during B-lymphocytc proliferation. The clinical phcnoiypc 
may be very vnriabtc, even ^''hhin the same family. Since the 
identification of the gene defect, it has been appreciated dia( the 
cHnica} phenoiype is broader than origmally conceived and all young 
males with a predominant antibody defect should be examined for 
mutations In btk. 

9. 3 J.} X-i'mked hypogammagfobufinaemia wiih gtowih 
hormone deficiency. X-Unkod agammaglobulinacmia associated 
with primaty growth hormone deficiency has been reported in a 
family in which there was no abnormality of bfk e:tpres5ion. The 
genetic defect causing this disorder is yei unlcnovi^n. 

Nop] X-iirtked hypef" I^M s)indrom€. See 9-2.2. 

9,3.3 hQ0vy chain dsieticn. Deletions and duplications in 
chromosome I4q32 of the heavy chain constant region genes occur 
in 5^10 % of (he Caucasian popuJailon and are probably common 
in of) ethnic groups. Indivrduab ^ho arc homozygous for $uch 
deJetions lack the relevant i$otypcs and subclasses. Heterozygoies 
often 5how slightly diminished levels of ihe affecr^d subclasses. 
Most such families were found during £hc screening of entirely well, 
normal blood donors who had no history of recurrent infections, A 
fdw individuals homozygous for these defects l^ave pres^nicd wUh 
recurr^snt pyogenic infections. 

Deleiions and pclnt mucaiion^ affeciing ihc expression of Ihe 
surface bound ^ heavy chain have recently been found noi only to 
cnuse a lack of igM bui sAbo 10 lead to a defect in B lymphocyte 
development resulting in agammaglobuiinacmia, li is unlikely that 
this novel form of immunodeficiency can account for a proponton 
of female patients with a cli nJcal picture re^mbling XLa. 



9,3, 4 K chQin deficitncy. Two families have been described whose 
immunoglobutin chains have \ light chains only. No k chains were 
found. Antibody formation was variabto; circulating B lymphocytes 
were nomwl except that moy did not carry k light chain. Point 
mutations in the k chain gene located at chromosome 2pll were 
reported in one family. 

0,3,$ Sthcitvc igO fubdojy deficiency. Criteria for diagnosis 
should include normal total scrum IgG levels with suthnormai levels 
of one or more IgG subclasses, tc is diflicuk to be certain of normal 
subclass levels. As noted in Section 6.2. 1, the assays for subclasses 
are not well standardized; age-related and population-related norms 
are not always available; genetic vananon exists among individuals 
in dlft'erent ethnic groups. Since IgG J is the predominant scnim IgG 
subclass, deficiency of IgG! cannot generally occur without a 
decrease in total serum IgG. in which instance the defect should be 
considered as 'Common Variable Immunodeficiency'. IgA levels 
are frequently, but not Invariably, decreased in patients wlih \g02 
deficiency, tow levels of IgGB arc the most common IgO subclfls$ 
abnormality reported in adults, whereas low levels of IgG2 are more 
common in children, particularly in asi^ooiafion with poor responses 
to polysaccharide antigens, lgG4 levels vary widely in normal 
persons, and many entirely normal persons have no demonstrable 
IgG4 by standard techniques; selective deficiency of rgG4- alone is 
difficult to interpret. IgG2 deHciency, which is often associaied with 
low or undetectable lgG4 Wvds and an inability to respond 
to polysaccharide antigens, may be confUsed with 'Antibody 
Deficiency with Novmai Immunoglobulins*, 

Selective immune globulin subclass deficiencies. w*;re sho.wo 
to be present in healihy blood donors wiihout undue susccpiibiUcy 
to infecUon, Deletions of immune globulin heavy-chain genes could 
be detected in these individuals- 

9, 3.€ SttUciive QFitibcd^ deficiency with normal immunoglobudnS' 
It ha$ been known fbr decades that some individuals seleciivoly fail 
to respond to cenain andgens. The characteristic defect is failure lo 
respond to polysaccharide antigens. While moat such persons arc 
normal, some have recurrent sino-pulmonary infections. Criteria for 
diagnosis should include demonstrated failure to response to specific 
antlgenSf a nomial response to other antigens and normal total serum 
fgG and tgM levels. In some of these persons djniinished serum 
IgGS levels have been found. This appears to be an associative not 
causative relationship; lgG2 levels ate not predictive of antibody 
responses. Antibody responses to polysaccharide antigens are often 
found lo be diminished in persons with sickle cell anaemia, asplenia 
(sec Section 10), the Wiskott-Aldrich syndrome (Section 9.5. 1 ) and 
th^ DiOeorge syndrome. In uncontrolled case 5tudics, patients nou- 
rcsponsivc to polysaccharide antigens with normal immunoglcbullns 
and chronic siaopulmonary disease benefited fronn %G replacement. 
Non-respondcrs to polysaccharide ontigcns produce antibody well 
with conjugate vaccines. Some individuals who arc not responsive 
10 hepatiiis vaccine and other protein antigens may fall into this 
category. 

0.3.7 Camenon variable immufiodeficicrxcy (CVID). The term 
'Common Vtoriatjlc Immunodeficiency* (CV|0) \% used to describe 
an incompletely defined syndrome characterized by dcfc<itive 
aniibody formation. The diagnosis is otherwise based on exclusion 
of other known causey of humoral immune defects. The term 
^acquiredimmunodeftciency' (AIDS) should bere^ierved forpatien»s 
in whom the dia^tioiisof Hlv infcctionjias been established. 
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PcTtiApS ^cc&U5c it has not yet txcn diffcrctniaicd into iW many 
probably (lisliAci component syndromes. CVID is Oixc of iKc most 
. ffcqucn< of the )>flmafy spec i lie immurtodertcicncy diseas**: ihc 
incidence bus b^et^ csUmaitfd at 1:10.000 ro \ \ 50.000. AfTccttos 
males and femates ei^uat Jy, the usual of presemaCton is the second 
or ihird decade of Ufe. 

In common wtch all primary immunodeficiencies affecting 
humoral immtiniiy, ihe clinical prwenuilon of CVID is generally 
that of recurrent pyogenic sinopulmonaiy inf«sccion5, Early diagnosis 
is \inportnnt; some patients are only discovered when thoy haVQ 
significant chronic lung disease, including bronchiecca^is, 

AS with XLA, some patients develop unusual enteroviral 
infection? wlih » chronic nieningo*encephalitis, and other 
manifcstaiions includfng aderxnatoniyob'itiS'ltke syndrome. P;i(Ionls 
\M\thCVID ore also highly prone lo gastrointestina! mfcciions cau$ed 
by 0(ardia lambda and Campylobacter j^ju*tt 

There is an unusually high incidence of lyniiphoreticular and 
gastrointestinal malignancies in CVID. Lymphoprolifcralive 
disorders arc ojftcp apparent from physieal exatnination, where in 
contrast lo XLa, up to a third of CVJD patients hav« splenomegaly 
and/or diffuse lymphadenopathy. The lymph nodes show a striking 
reactive follicular hyperplasia. Non^cascaiing grikAUlomas 
resembling sarcoidosis and striking non^mallgnanl tympho- 
proliferacion occur. The gsstroincesiinal iraci may also be involved 
in this process with a characteristic nodular lymphoid hyperplasia. 
Malabsorption with >'vclghi loss &nd diarrhoea and a:$socrated changes 
such as hypoalbuminaemia, vl tain In deficiencies and other findings 
resembling celiac Sprve arc se^n, Chronic innummatory bowel 
di^ases occur with increased frequency. Patients with CVID arc 
prone to a variciy of other autoimmune disorders (e.g. pernicious 
anaemia, hacmelytic anaemia, thrombocytopenia and neutropenia)* 

The.r/nfi qua non for the dUgnosiii of CVID is defective antibody 
forination. These arc usually accornp&nied by decreased scmm IgG 
and IgA levels and gcn<5rally but not invariably decreased scmnn 
IgM. Because CVID is a diagnosis of e?;clusion, chose patients with 
olevaied or high normal levels of serum IgM should be evaluated 
for the Hyper-IgM syndrome (see Section 9.2,2). Male patients with 
very low or undcmonsUabie IgG, especially if they have markedly 
diminished numbers of circulating B cells, should be evaluated for 
XCa (see Section 9.3. 1), In son:ie patients cell-mediated Immutii^y 
(CMI) may be impaired with diminished T-cell function, and absent 
DTH; (he immunodeftolency under these circumstances involves 
both cellular and tiumoral immunity and the disease could be 
considered as a 'Connbincd ln:imunodeficiency* although the clinical 
expression is primarily defective antibody produci ion, 

As noted in Section 9.3, S, IgA deficiency is common in the 
general population! In CVID, (gA levels arc undetectable or markedly 
below the normal range in Almost alt patients. Family members 
may also have an unusually high incidence of IgA deficiency. !n 
addition families of patients with CVID have an increased incidence 
of autoimmune disorders, auto antibodies (including anti*lymphocyic 
antibodies) and malignancies, suggesting a wide expression of 
immune dysregulation. As would be expected in a heterogeneous 
group of undifferentiated diseases, various inheritance patterns for 
CVID (aticosomal recessive, autosomal dominant, X-linkcd) have 
been noted. Sporadic cases with no obvious Inheritance pattern iirc, 
however, the most common, in multiplex families containing several 
persons with CVID and IgA deficiency involved individuals often 
inherit characteristic MMC alleles. 

Many studies to identify (he immunological defect(s) have been 
published. None to date has provided panems sufficiently consistent 



for classification. There is no convincing evidence for any intrinsic 
B'-cell defect of immunoglobulin genes, synthesis or sccrrticn. While 
B cells (defined as CO 19+) may be reduced in number, with 
appropriate sttmulalion (hey produce and secrete immunoglobulins. 

CVID patients commonly have reduced CD4/CD8 ratios, with 
a reduction in C04^CD45RA-f(*unprimcd*)T cells and this suggests 
that there has been activation of T cells. The reponed increased 
levels of It-4 and IL-6, soluble CDS, CD25. p2-microelobulin. 
HLA'DR, LAF-3 and ICAM-I afe probably secondary to infection. 

About 60'i4 of CVID patients have diminished proliferative 
responses to T-cell receptor simulation, and decreased induction of 
gene expression for IL-2, 1t^^, IL-5 and IFMy. There is no evident 
abnormality of the T-<cll receptors: T-cell receptor gene analyses 
indicates normal heterogeneity of gene rearrangements. There is 
decreased 11^2 production after T-cell receptor stimulation, which 
Is correlated with diminished CD^O llgand expression. The 
abnormality appears to reside in CD4->- T cells and can be overcome 
by stimulatine T cells with PMA and ionomycin - an altemaiNe 
T-ceil activation pathway (sec Section 5). This is consistent with 
detective signal iran^rduction, which could explain (he diminished 
humoral immunity. 

9J.d IgA d^fiticnty. About I in 700 Caucasians (in contrast lo 
l:iS,500 Japanese individuals) bav« no demonstrable serum IgA. 
Many of ^h esc individuals have no apparent disease. Some persons 
with recurrent sinopulmonary infcctionf^ have been reported with 
entirely normal s^^m IgM and IgG levels, but abscnc or oxircmely 
reduced serum IgA levels. Whether ihc IgA deficiency or some other 
factors are involved in their illnesses is not clear IgA deficiency is 
however more frequent in patients with chvoriic lung dbcaac than in 
a normal age^matched population. Furthermore, IgA deficiency is 
more frequent in patf ents with autoimmune disease than in (he normal 
heahhy population. The detect is presumed to result Oom impaired 
swiicKiftg or a maturationol failure of IgA producing lymphocytes. 
Autosomal recessive or dominant inheritance has been shown in 
some families, Fixed haplotypes of MHC genes are frequently 
associated with CV|D and IgA deficiency and both disorders may 
renecc a continuum of the same underlying pathogenetic mechanism 

9. SS Tranyiefti hypogammaghhuh'naemfa of infancy. Maiemal IgG 
is actively transferred to the fetus throughout pregnancy. The semm 
IgG level of full-term infants is equal to or slightly greater than thai 
of the mother. Maternal \gQ in the infant disappears afterbirth with 
a half -life of 25*-30 dayf and the infants own Ig production is initiated, 
starting with IgM and followed by IgG and then IgA. The lime of 
initiation and the rate of production of Ig by infants varic:r 
considerably- During the first 3-1 2 months of life in pren\ature infante 
(where the transfer of maiftmal IgG is often limited) and in some 
full»term infants (particularly in families with immunoderiCiency)^ 
the nadir of serum Ig concentration may be very low- within an 
* immunodcficient' range. The initiation of anribody production may 
be delayed for as long as 36 months and ultimately is manifested by 
increased levels of secum IgG. Antibody produciion by the infants 
themselves can usually be documented by serial measurement of 
serum IgG levels and of antibody responses to vaccine antigens, 

9.^ Pi^edomtn&nilyT'ceU defeas 

In addition to the ID diseases listed in Tablet I, Z, and 3* other 
primary defecls in the immune system where the genetics and 
pathogenesis of the ID arc not yet completely understood have been 
described in isolaied cases and arc listed in Table %. 
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9. 4. 1 Frimary C04 T ^cefl de/lc(ert<:y Profound, persistent 
decrtosc in circulating CD4+ T lymphocytes, with defective CMl, 
hAs b««n documented in patients, noL infected by HIV, who present 
with opportuni!itic infcccion^, such as co'ptococvaT menin^us and 
oral candidiasis. Immunoglobuliit kvels may be normal or slightly 
decreased. The pdthogcnesh and genetics of this abnormality are 
notyec known. When such patien(S are idenrlfled CDi enumeration 
should be carried out i(\ other family members. 

9.4.2 Primary C07 T-c&il deficiency. ChiWren with SCIO with 
T-<:«ll deficiency have been described. No genetic transmtaslon 

of the defect could be ascertained. 

P. 4 J 11^-2 deficiency Children with SCID and normal eircutating 
T-'CcIi numbers ^as found to be unable to transcribe the It-2 gene. 
The inheritance of the defect could not be detcmtfncd. 

9.4.4 MuUipU cytokine defect Chiidren whh SCtD who were 
dcficicnl in IL-Z» lL-^» IU5 and inlcrferoft'7 have been described. 
T cells lacked (he nuclear ftcior of activaled T ceils (NFaTJ promoter. 
The genetics of the defect are not yet known, 

9.4.5 Signal iramductiort de/ecL A few children with SC!D Of 
CID fail to show normal caJciutn flux and diacylglycerol generation 
after antigenic stimulacion of their T ceU$. The defect can be 
circumvented by stimulation with PMA or aluminum letfafluoride 
(AiFJ. The genetics of this coodicion art not known and (he precise 
dcfec)(s) is not well characterized. 

9.4.6 Calcium flux defect. Defective T-ceU aclivation was found 
associated wjih an exquisite abnormality in calcium influx from the 
cxiTaccHulur miiieu in three patients with combined immuno- 
deficiencies. AUhugh the Ca*t-r flux defect is detected In all types 
of cells, phenotype is restricted to a T-celi deficiency. Molecular 
identification of thii def«cl H ^till awaited. 

9.5 Immanodcficicnciss^ as^oi^iated with o/Atf^ majpr defeeti 
There arc a v&ridty of diseases in which immunodeficiency \% an 
imporiant but not exclu^i^e component. Included in tKi$ section (see 
Table 3) are those diseases where immunodeficiency is the dominant 
manifestation it* syndromes with other defects. 

Wiskott-Aldrich syndrome. This X-linkcd discosc presents 
in infancy or early childhood. Clinical manifbstations include 
eczema, recurrent, oflcn unusual or unresponsive infections, ond 
thrombocytopenia. The platelets are small. Surface siftloglyco- 
protein^t CX>^i and gplb, and other sialoglycoprotcins arc unstable 
in the membranes of leukocytes and piacelets. The lymphocytes have 
a characteristic ^bald' appearance on scanning electron microscopy. 
The cyioskelccon in the T cells and platelets is abnormal and the 
act in in these cells docs not bundle normally. The proJifcrativc 
response of the T cells to anti'CD3 is absent or greatly diminished. 
Serum immunoglobulins may at first be normal* but a progressive 
decrease of ^gM develops. Antibody production, especially but not 
exclusively to polysaccharide antigens, is impaired. Progressive 
lymphopenia, mosx rnsrkcd fn the T lymphoeyce s<arietf whh rcifulting 
defective CMK develops. Autoimmune diseases including severe 
vasculitis and glomerulonephritis may be present. Dedth occurs in 
late childhood or in the second lo founh decades of life, often (him 
lymphoma. The defective gerte is on ihe shon arm of the X 
chromosorne al Xp 1 1.22 and Is selected against duntv^difEerentlalion 



of all blood cells: thus carrier detection is possible. The gene has 
been cloned and encodes a protein of 502 amino acids, which has 
been called the Wiskott-Aldrich syndrome protein (WASp). Its 
function is noi well understood but cippcmr to be involved tn signal 
transduction forcyioskeletai reorganization. Mutations in the WASp 
gene also cause so-called X-Unked thrombocytopenia. 

9.5.2 Aiax\Q-tehngi€ctadQ. This autosomal recessive syndrome 
is characterized by progressive cerebellar ataxia, the appearance of 
fine telangiectases, especially on ear lobes and conjunctival sclera, 
and eventually, in moftpacients, recurrent sinopulmonary infections. 
Raised levels of serum alpha fetoprotein are present in 95% of 
patients. rmmunodef]ciency, while not invariably demonstrable in 
the eariy lift of affected persons, develops in at least 70% of cases. 
There is no consistent immunological pattern; no single ^ibnormali^y 
has been found to exist in all patients. Serum Ig is decreased in 
varying patterns: IgG2, IgG4^ and IgE are comn^only low or 
abcent. Antibody responses to polysaccharide and protein antigens 
may be reduced. The numbers and function of circulating 
T lymphocytes, including DCH, are generally diminished. There is 
an increased incidence of autoantibodies. 

CelU from patients with ataxia-telangiectasia have a disorder of 
their cell cycle checkpornC pathway that results in an extreme 
hypersensitivity to ionizing radiation, Lynnphocytes show frequent 
chromosomal breaks, inversions and translocations Involving sf(cs 
of the T«ccll receptor genes and immunoglobulin getie complexes 
on chromosomes 7 and 1 4. In fibroblasts chromosomal breaks, 
inversions and ^ ranslocaiions are random. A*T patients and their 
parents have a strikingly increased susf^pcibilfiy to malignancies. 
Breast cancer in female A-T carriers is reported to bo increwed- 
The overall risk of cancer in hetcrozygotes generally is probably 
ftjso increased. Death in patients usually occurs in early adult life 
after years of increasing disabili^ flrom pulmonary disease or(oftcr) 
lymphoreticular) malignancy. A-T cells fail to uprcgulatc pS3 
expression following DNa damage by irradiation, indicating that 
the A«T protein functions upstream from p53 and plays a major role 
In sensing^ but not in rcpairingt doublc-strandcd D>J A brci^s, 

The gene ATM (for A-T mutated) isolated in 1995 by 
positional cloning. More than ISO mutniions have been identified; 
%0% of these result in iruncation of the protein. Most of ihcjre 
mutations are unique. Most patients are compound hererozygotes. 
The gene product has strong homology to phosphoinositide 3*kinase 
and preliminary results confirm a protein kinase activity, ATM 
knockout mice show defects In T-ceil raaturation ar\d develop 
lymphoid tumours similar to those seen in patients, especially 
malignant Thymic lymphomas. The mice die at 2-4 months wUh 
some neurological dysfunction bat few if any signs of ataxia. 

ThcNijiTvegen Breakage Syndrome (NBS) overlaps with that of 
A*T; pmicnts arc radfoj^ensiti vc, immunodcflcieni^ oanccr prone and 
similarly Tnanifcsi reciprocal translocationii involving chromosomes 
7 and 14. However, they do nor have ataxia, telangiectasia nor 
tefangieci^s. They arc mentally retarded and microcephalic. Family 
3tudies do not link the W&5 gene to chromosome I \<{22. 1 , the site 
of the ATM. The A-T^,^ Syndrome overlap;^ both classical A-T and 
N6S, including immtjnodcflcicncy and an clc^Ated AFP. 

For several $yndrom«& with immunodeficiency and chromo* 
soma! instability sec Section IQ. I. 

9. S.3 The OfC^orge anomaly. The Di George anomaly is one of a 
series of contiguous gene syndromes that affect multiple organs 
during early cmbiyogcncsis. Almosft all (80-90%) paiienis with the 
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D10«orgc anomaly have deletions (often microdclctions) of 
22qU *tttr. There are 5«vcral other syndromes \v{(h deletions fociied 
to the sanne area. Bccauifi? th«sy all invoWe delciions of 22ql I -ter 
they have been lermcd 'CATCH 22*. an acronym for ihc involved 
organs: cardiac abnormnliries, abnormal facies* /hymic hypoplasia^ 
tfioit palate and %pocalcaemia. This group of syndromes would 
include the velocardiotfncial (Shprint^cn) syndrome, the conoirunci^l 
anomsly f*»c<s syndrome, Cnyler syndrome and some patients wjth 
Opitz CBBB syttdrome, Additional cases of (he DiGeorge anomaly 
may derive from I Op deI<sttons. from th« tetal alcohol Syndrome, 
reimoic embryopathy or maiernal diabetes. The characteristic 
pathological manifestation!! include multiple anomalies of the third 
and fourth branchial arch derivatives: Type 1 truncus arterio^ius, 
dysmorphic facies with micrognathia, thymic and parathyroid 
hypoplasia or aplasia. Clinically^ neonatal tetany and/or cardiac 
n&ilure are the presenting manifestations in most affected infants. 
The facvat features then arouse suspicion as to the diagnosis. 

Infections are usually not a presenting mnnifestaTion. Even 
chough rhc thymus i$ frequently involved, only about 20% of those 
with the anornaly have decreased numbers and function of T 
lymphocytes. At autopsy the thymus is small, atrophic often 
containing normal appearing ectopic lobe^. Surviving infants over 
time niay naturally acquire functional T cells and the immuno- 
deficiency becomes corrected. It is difffcuU therefore lo as^^css the 
value of the various treatment regimens iht*t hav-e been attempted. 

9,6 Assocfcfted conditions 

In addition to The Infections of the respiratory and gascrointestlnal 
tracts noted previously, patients with Primary Specific Immono* 
dcftciency are particularly prone to iu^veral other conditions. 

9.6. J \faligfiancfcs. Age-^pecif/c morrality rates for cancer In 
patients with primary ID e>tce<d by I O-200 limes the expected raws 
for the general population. The major iiy of cancct^ are observed in 
patients with aiaxia-tclangiectasia and the Wiskott-Aldrich 
syndrome. The causal relationship is exemplified by the finding 
that treatment of patients with SCID or WiskoK-Aldrich syndrome 
by bone marrow transplantation from an MHC matched sibling donor 
has led to an impressive reduction in this susceptibility to n»lign«ncy, 

In patients with ataxia-teUngiectasia, transpositions, inversions 
and br«sik5 of chromosomes 7 and |4 at the sites of the T-ceJI receptor 
art? as:$ociated wiih lymphorcticular malignancies. These patients 
also develop malignancies of rapidly rcpH eating cells in other organs. 

The type4 of tumour^ lymphorcticular malign ancles^ in all groups 
of ID are djfrcrc:nt from those observed in non-selcctcd populations. 
Some have clear evidence of clonal proUferaiion, some atr associated 
with Epsicin-Barr virus infection. Il appears lilttly that xherc is an 
association between ID and oncogenesis. Possible mechanisms 
include defective immunological surveillance; dcfcdivc imtnune 
response (o oncogenic vifu$es: chronic over stimulation or 
proliferation of responsive cells to anttger^s; independent effects of 
the same common cause (i.e. chromosomal {nstabiliiy in ataxia- 
telangiectasia). In CVID there is an increase in the incidence of 
lymphomas and in gastrointestinal malignancies. 

Papilloma virus infections also appear to be more fh:quenc in 
patients with ID with the production of local vcrrucae, condylomata 
acuminata and localized, usually genital, intraepithelial neoplflsta. 

9.6,2 Autoimmuniry. Several autoimmune syndromes have been 
described in association with ID. Those include pernicious anaemia, 
autoimmune haemolytic anitennia, idiopathic (hrombocytopenie 



purpura, systemic lupus eryihaematosus, thyroidiiis, Sjiigrcn's 
syndrome, chronic active hepatitis and myasthenia gravis. In addition 
to autoantibodies against blood cellis^ au loan u bodies to Immuno- 
globuUns and various lissue antigens have been observed, 
fnflammatory bowci disease is a frequent complication of ID; 
whether the cause is infectious or autoimmune is not always clean 

9.6.3 Atopic <7//fl^. Atopic allergy due to the presence of IgE 
antibodies to inhaled, ingested or injected proteins affects 15—20% 
of the general population. It gives rise to clinical symptoms of 
asthma, rhinitis^ eczema* urticaria and anaphylaxis. Patients with 
primary immunodeficiencies often have symptoms consistent with 
asthma and/or rhinitis. In many of the cases this Is due to chronic 
non-1 gE mediated indammaiion. However attempts Should be made, 
parriculorly in patients who retain the capacity to make a parrial 
antibody responsot to rule out an allergic aetiology or contribution. 
This is achieved by performing immediaie hypersensitivity skin tests 
and by measuring IgE antibodies in the serum. 

9.6.4 (Jnusuot virai ir\feahns. PalicniS with predominantly 
antibody detects (particularly with X'liokcd agammaglobulinacmia) 
are especially susceptible to chronic viral infections with ECHO or 
other enteroviruses. This is characteristically a menlngo-enccphalitis 
or a derm&tom>'ositis-Uke syndrome. Such patients may shed virus 
for years, Vjrus may be isolated from cerebrospinal fluid and at post 
mortem from alt viscera. Untreated the infection is farai. High doses 
and specific intravenous IgG have controlled rhese infections in some 
patients. 

Several patients with primary ID have been infected wifh HIV 
and wiih hepatitis C vjrus, Testing for seroconversion to HIV or 
hepatitis C virvs is of little or no use m diagnosis because of the 
intrinsic inability of patients with ID to make antibody. PGR 
techniques should be used lo ascenatn the presence of viral genomic 
mave^iaU It husalso been reponed that sorne CVID patients infected 
with HIV or hepatitis C have shown some recovery of Immuno- 
globulin levels. 

9. 7 Treatment 0/ specific immunodeficiency 

9,7,1 Bone marrow transplant aUon, Transplantation of bone 
marrow cells from HLA gcnotypically identical dor^ors (i.e. matched 
sibling donors or other HLA identical members of o family) has led 
to complete immunological rcconstjcution of most patients with 
SCID, Including those with ADA deficie»icy. and those with reticulor 
dysgcncsls. Bone marrow transplantation has also been successful 
in the Wiskott-Aldrich syndrome, leukocyte adhesion deficiency, 
MHC Class n immunodeficiencies, K.ostmann's syndrome, chronic 
granulomatous disease, X-linked hyper IgM and Chcdink-Higashi 
syndrome. Ideally, donor and recipient should be identical at the 
HLa-A, D, C and DR. loci. Unfortunately, three quarters of patients 
do not hav/e a compatible donor. Crcut progress has been made in 
haplo-ldcntical bone-marrow transplantation in recent years. 
Extensive conditioning of the recipient 10 prevent rejection and the 
elimination of T cells from the donor cells co avoid grafl-versos- 
hosi disease are mandatory. Succes? with T-ceU engraftmeni has 
been very encouraging, but it has been difficult (o establish B-cell 
eagradment wiih haplo* Identical bone marrow. Full reconStlLution 
take? longer than engraftmeni with HLA idenrical donors. 

An increasing number of successful bone marrow transplants 
arc being performed using bone marrow or peripheral blood stem 
cells ft-om unrelated donors idpntified in one of the rcgistrle;J of 
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HLA typing. AHenitgn is being paid lo HLa-D match. Sxetn ceOs 
fr^m umbtlical cord blood stored in certiiin centres arc being Uiicd 
fn aft increasiag number of cases. 

PcTiph«rai blood s^ftm ceHs from i^pcctaUy prelrcated donors aftet 
T-ccIf deptctron of the donated cells wUh or vvi'ihout further 
pufiricalion of ihe stem cell populattoo H inc/easingly used in cases 
of unrdaied histocompAfible ^hd haplo-identical silualion^K 
fncntuKerine iransplancof parental haemaiopof^Uc stem cells ha$ led 
CO sticcessfUl T cell engraAmcnt in some coses of X'linlced SCID. 

Acuce graflwersuS'-hosi:(GVH) disease^ when it occurs^ genorally 
appears 10-14 d&y$ sifter a rfansplanc and is usually manifested by 
fever, Coomb;' test-positive haemolytic anaemia eiy^^^nidtous, 
maculopapular skin ra5h« bloody diarrhoea^ hepatosplenomegaty, 
aregener&tivc pancytopenia and death. Tilt various means proposed 
to prevent grafl-versus^o&t dise&se have included the use of 
cyctospof in A, alone or together with methotrexate. T-ccll depletion 
of dotvaied bone marrow has also been used. Pcrsisieni lov-grade 
GVH rcBctions, characterized by hepatomegaly, jaundice or skin 
rashes, can continue for many month? and become chronic and 
severely debilitating. 

Th« establishment of immune compatftnce (Make* of the graft) 
may be identified by; improvement of clinical status (e.g. vvci^t 
gain, rapid resolution of moniliasis); appearance of Tan d B cells in 
the circulating blood; demonstration of donor eells in Ihe recipient 
by genetic markers, including enzyme activity in previously deficient 
patiencs; increase of immunoglobutin Idvels^including Ig of donor 
origin); appearance of humoral antibodies (including those following 
antigenic stimulation); return of C| q level to normal; and appearance 
of CMl reactions. Of tfie^c. the establishment of chimertsm Is the 
mo^t reliable evidence of engraftmcni. Appropriate tests for 
mosaicism include sex and orhcr chromosomal studies, molecular 
analysU at polymorphic locj\ HLA and red cell antigens, plaiSma 
protein or enzyme allotypes. 

Tests of Immunological competence should be repeated 
periodically in successful cases, since subsequent gradual decline 
of funct-ion has been observed in some instances of initially sueccssfbt 
engraRmeni. Children dramatically restored imfnunologicftlly have 
also occasionally died of pre-exisiing pultnonaiy infections with 
Pneumocystis ccrinii Or Other organisms juat af^er Immunological 
capacity has been restored. Prophylactic ireaiment with 
sulfamethcxezole-rrimechapn'm has proven useful In the treacnnent 
of the;$e complications. Several deaths from varicella have occurred 
in successfully transplanted ID paitents; such patients should be 
passively protected with varioeth-20ster immune globulin (VZXG) 
and acyclovir foliovb'ing exposure^ if no circulating ^ttbody can be 
demonstrated. CMV has been successfully treated with gancydovir 
and foscarnet and high dose of specific immunoglobulin. Other anti- 
viral agents are being developed and tested at the present time. Many 
SCfD patients who do not have B-tel! engraftmeni (*- 40%) require 
IgG replacement. 

The risk Of developing E0V-induccd D-ccll lymphonras in 
transplant recipients, panicuiarly of haplo-idcntical bone marrow 
donations, has been a dilHcuk and as yet unsolved problem. 

9. 7. 2 HepJaetmcm ofimmunoglobutms> The efltcagy of immuno- 
globulin r«;piucem<nt for antibody deficiency syndromes was well 
established in the )950s. It is now accepted that all patients with 

primary Aptfcific immunodeficiency who have signiftcanlly 
diminished serum IgQ levels and/or demonstrated defects in 
antibody production should receive fgC replacement. Preparations 
suitable for either mtramoficular or intravenous use are avwlablc 



for this purpose; the mtramusculBr preparations should never be 
given intravenously, but they can be gfven subcutaneously. 
Intftvcnous immunO£lobultn replacement i$ the preferred Treatment, 
Standards for the preparations arc ihc sufapect of an lUlS/WHO report 
(Bull. WHO ($0(l>, 43. 1982). Viral partition and inactivation 
methods used during the fractionation procedures have been 
incorporated into the production of irnmunoglobutin and all 
manufacturers are required to provide data that validate the viral 
Inactivation methods used. Thus HIV and other retroviruses arc 
effectively excluded by current fractionation procedures, essentially 
eliminating the risk for transmission of lipid-coatcd viniacs. Clusters 
of hepatiEis C infections have been reported in patients vyho received 
cercain lots of jVIO. 

Experience has shown that replacement therapy with intravenous 
Ig i5 life-saving. If replacement is started early, and if appropriate 
amounts arc given with suflTtcieni frequency, the cycle of recurrent 
infectionffand progressive lung damage can be arrested. "Near normal 
serum IgC levels can be maintained with ease; general experience 
Suggests that 400-500 mg/kg^month may be sufficient lo prevent 
breakthrough infections, U has been documented that abnormal 
pulmonary function may improve, even if chronic lung damage is 
present, if doses of IgG >600 mg/kg/month are given, 

Prepaiationsof IgG for replacement contain predominantly IgGl 
and IgG2; the amounts of lgG4 in most preparations are small, and 
in some IgG3 is absent. Nevertheless patients with selective IgO 
subclass deficiency,^ with or without IgA deficiency, may benefit 
from IgG replacement which provides high litres of antibodies that 
such a patient is tjnabic to make. Neither the precise indications nor 
the dosage for such therapy has been well established. 

Immunoglobulin replacement therapy by subcutaneous infusions 
of gammaglobulin is used increasingl/. The results indicate that this 
type of Ireatmem is well lolarated with a very low frequency of 
systemic adverse reactions, 

Untoward reactions to infusions of immunoglobulin may occur. 
These include dyspnoea, flank pain^ hypotension, collapse, fever, 
rashes or rigours; severe wheeze, chest pain or symptoms of 
anaphylaxis arc indications for the infusion to be stopped and 
treattncttt to be given immediately (antihistamines and liydro*' 
cortisone i.v, or adrenaline s.c). Most reactions are probably due to 
immunoglobulin aggregates, with only a very few being atrlbutabje 
to antibodies to IgA- Reactions tend to occur more frequently in 
severely hypogammaglobulinnemic patients, particularly at the 
initlni?on of treatment, and in those with intercurrent infcctions. 
Many reactions can be traced to e;tcc$sivcly fast rates of infusion. 

^ y.B Efiiymt rtplac^meni. Partial replacement of cn2:ymcs with 
frozen Irradiated red blood celU has been attempted in infants with 
ADA or PNP deficiency. Apparently, the amounts of purine 
degradation erxsymcs within ihc red cells arc not sufficient to permit 
efficient dcgrodacion of toxic metabolites within lyrr>phocytcS- 
Partial enzyme replacement in ADA deficiency has also been 
attempted by the us4 of bovine ADA modified by corvlugarlon with 
polyethylene glycol. Repeated weekly administration of the 
coi\juga(cd enzyme resulted in marked clinical and immunological 
Irnpfovcment in several pati^ntj;. 

Since the gene for aDa has been cloned, it has become possible 
to express it in T cells with a retroviral vector This has provided (he 
basis for tl)c attempt at gene therapy in patients wiih ADA deficiency. 
This therapcuiic approach is at present s\il| under study. Trans- 
plantation of HtA«ldentical bone marrow remains the trcatmeni of 
choice. 
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9J.4 Shod rrans/usiom. Blood transfusions shouU never be 
given 10 pd{leni5 wkh ccLUm«diatod imoiunodeficicncy, unless full^ 
oxygen saturated blood has been irradii^icd <o *|iminftt« viable wh»ie 
blood ccUsihal miy ini^pptopnatcly cngi^ft thcpMicnt. B\ood Irans- 
fusion is ai£o safe when processed by freezing and cencrii\jgacion. 
However, lymphocytes arc suit viable in ouidtitcd bloody washed 
red blood cells, unprocessed pla$m&, and plaictci prcpwations. 

9. 7.5 Tr&(iffn€f\t of opportunisiic inficiions. Individual iAie^^tions 
should b« ireated early with full 6osts of ftmimicrobial igents. Where 
possible narrow spectrum drug? selected on <he basis ofniicroblal 
scnsidviey lescing should be u^ed. While prophylactic antibiotics 
may be useful, they increase the haz&rd of infection with fungi or 
other resistant orgtmisms. Loag»win trearmenc Mih combination 
sulfa drugs (co-inmoxazolc/sulfamethoxazole^iTCmftfhoprlm) and 
itrakono^ole \& believed to be of some benefit, bat this hus nol been 
critically evaluated. 

Antiviral agents such as acyclovir and ganeyclovir have proven 
valuable in the treatment of some patients with persistenr or severe 
viral infections. 

9. 7.6 Gastroimestimf disorders. Intestinal disease is frequent In 
ID patients and, in addition to treatment of infection or infestation, 
disaccharidc or gluten-free diets may be of benefit in patients with 
sprue-like symptoms. In some instances intravenous hyper- 
alimentation may be justified, Qiardla iambUa and Campylobacter 
are frequeni causes of dianrhoca, sceaiocrhoca or weight loss m ID. 
Treatment with afabrine or metronidazole is effective for giardiasis, 

1 0 \ MMUNODEFICIEISC Y ASSOCIATED 
WITH OR SECONDARY TO OTHER DISEASES 

Tabic 9 lists some at' the many congenital and hereditary condhions 
in which immunodeficiency has been described, 

iOA Chromosomal instcbiUey and <f</ecr^ve npair 

The immune system is dcpendetii upon rapid and accurate 

lymphocyte dilfencntiation and repJicailon. Any syndrome associated 

with chromosomal insiability or defective repair, such as ataxia^ 

telaneicctasia (9,4.2) oan be expected to have associated 

immunological defects. The following syndromes fall into this 

category. 

10.} J BloQm syn^jrom^ . Low birth weight, retarded groxvtK f aShoS 
from light sensitivity, well demarcated hyper- and hypo-pigmenied 
skin lesions, molar hypoplasia and facial relangiectasia, characicriie 
rhi5 rare autosomal recessive chromosomal instabiltiy syndrome that 
has been mapped to ilq23. Immunodeficiency with frequent 
infect ions/m created susceptibility to malign^cies, reduced T-cell 
function and decreased serum IgM are found. At limes serum IgG 
and IgA may also be dlntinished. IgMr B cells arc normal in number; 
the defect appears to be in B-cell maturation to IgM secretion. NK 
cell defects have been described. 

10. L2 DNA (igase I defect. A patient with growth retardation, 
Sun sensitivity, immunodfificiency and defccUvc DNA repair, 
phenotypically similar to doom syndrome (lO.M) w<is found to 
have mutations in the DNA ligase I gene. The defect was not found 
in cells from patients with Bloom syndrome. The DNA ligasc t defect 
thus appears to be a distinct entity. 



10 J J Xeroderma pigmentosum. Is another photosensitive 
dccmalosis. From infancy patiei^ts with ihis rare aurosomal recessive 
condilion have a marked sensitivity to sunlight and develop striking 
skin lesions- erythema, bullae, telangiectasia^ keratoses, basal and 
squamous cell cBrcinon:>as/They are unable to repair (JV damage 
10 their DNA. A small number (>5%) of the affected children have 
recurrent infections and a demonstrable immunodcrtcicncy wich a 
docrease in CD4-*- celts- Their sera reportedly contain Qntibodies 
which suppress T-<ell (and possibly NK-cell) function ^ Serom IgO 
levels may be diminished. Cockayne's Syndron)e and Trichothio- 
dystrophy, similar photosensitive dermatoses, have not yet been 
described as having any immune defect. 

10 A. 4 Fanconi anaemia. This autosomal recessive syndrome is 
characterized by multiple organ defects tncludrng bone marrow 
failure, hyper-pigmcntaiion and cafe au lah spots> limb defects (radial 
hypoplasia), genitourinary anomalies, abnormal facies (microph' 
thalmia, micrognathia, broad nasal base, epicanthal folds) and 
cKromoKomal breaks. There is an increased incidence of leukaemia. 
Decreased T^tymphocyie andNK-ccll function and decreased serxim 
IgA concentration^ have t>€cn described. 

IOA. 5 ICF syndrome, ICF is an acronym for the /mmuno- 
deficiency, centromeric instability, /acial anomalies that 
characterize this syndrome. It is readily rccognJa^d by 
characteristic ocular hypcnclorism, flattened nasal bridge, 
epicanthic folds, longue protrusion and micrognathia. The 
jmmunodefjciency presents wiiti recurrent sinopulmonary^ 
gastrointestinal and skin infeclions. Generally, but not uniformly, 
serum IgM, IgO and IgA are decreased. Combined immuno- 
deficiency has been described, immunoglobulin administration 
may reduce infection^ in some patients. Variable degrees of mental 
retardation occur. The diagnostic fmding is abnormal condensation 
of hctcrochromaiin in chromosomes I, 9, and 16 with increased 
frequency of mitotic recombination and the formation of 
multibranchcd chromosomes. This is associated with localized 
Kypomeihylation of clasilc&l satellite DNA, Inheritance is 
probably aR. 

10.1.6 Nijme^en breakage S)^ndromi. This condition presents with 
microcephaly at birch, short Stature, a *bird*like' facies and recurrent 
respiratory tract infections. About half the repotted patients are 
mentally retarded. Immunoglobulin levels and T-ccll function arc 
decreased. The immune defect appears to be more severe than in 
Alaxia-Tclangicctasia, Multiple structural chromosotrial rearrange- 
ments are found preferentially in chromosomes 7 and 1 4. There is 
increased sensitivity to ionizing radiation and X-rays. Seemanova 
syndrome is identical. 

10.1.7 Seckel ( 'hird^heoded ' dwarfism) syndrome. Thi s i s ano thcr 
one of (he many *bir<r-Iike' fades syndromes reported to be 
associated with immunodeliciency Scckcl syndrome is characterized 
by dwarfism (inlra-utcrine in onset), a *bird-head' facies, severe 
brain dysplasia^ mental retardation and many skeletal anomalies. 
Increased chromosomal breakage has been described. Some of the 
aftected individuals develop a hypoplastic anaemia, pancyiopenia 
and decreased scram immunoglobulins. 

fO.2 Chromosomal de/icis 

Of the many syndromes associated with stable chTomosomal 
abnormal irtes. several arc accon>panied by immunodeficiency. 
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Tthie 9. ID Assoclaicd with or secondary xo oihcr con^cnilal or hercdtiMy conditions 



Cbromosomal insishiLiiy or defcciWc repair 
Bloom syndrome 
Xcrodtifma pigmcniosum 
Fancorti an3cmm 
ICF syndrome 

Ngmcgcn brcako^ syndrome (also known S^tsmnnov^ syndrome) 
5*icl(ci ('hfrd-hoaded' dwarfism) syndrome 

ChromosoniHl dcf^OH 

Down syndrome (Trisomy 21) 
TwnKrr syndrome 

DcMions orrin^s of chromosome IB (iSp- and Uq-) 

ShoTt-linibed dy5p)3«i9 (shon-Iimbed dwarfisui) 

Caftil4igt*hftir hypOplft^la'Cfneiaphyseat chondrody^plaiia) 

Immvnodcliciency wiih (cncmUzed growth rc<ardAflon 
Schimkc iir>muno-cs5eou« dysplasia 
Dubowirz syndrome 
Kyphomcllc dyiplasiu with SCID 
Mulibrcy's nann»sm 

Growth reiardatron, facial ;inomalles and immunoderictency 
Projena (Hurchinsofi-Qilfofd syndrome) 

Immuoodeflciency wlih dcfmiktotogicil 4ef^cf« 

Ecirodactyly-ectodcfTTtiil dysplas{2<tcftlng syndrome 
[mmunodellcicnoy with absem thumbjf^ Anoionila tind ichthyo:? r$ 
Parciai albinism 
Dyskeratosis congenita 
Ne(hcnon syndrome 
AnNidrotic cQtodeimiil dysplA^ia 
P«pitlon-Lef^vre syndrome 
Congeniial ichchyosis 



Acrodcmi9ciri5 cn«ropaihica 

Transcobalamin 2 deficiency 

Type t heredilary orotic acidurt? 

Intractable diarrhoea, abnormj^l facies^ (fichorrKexis and 

immunodeneicncy (?StHnk*cr syndrome) 
Methylmalonic acrdacmia 
Biotin dependent ea/boxylase defieieAcy 
Mannosidosfs 

Glycogca Monv^c discise. Typo lb 
Chediak:-Hi0ti$hi syndrome 

Hypcrcatqbolbm or immunoglobuHn 
Fftmitial hypercatabolism 
Intestinal lymphangicotesia 



Oiher 



Hyper IgE syndrome <Job syndrome) 
Chronic mUGO^cuUncou» candidiasis 
Hdredicary or consGnitol hyposplenia or asplenia 
Wcrmaiic syndrome 
Familial intestinal polyxcrcsia 



1 0.2 J Down syndrome. Trisomy 21 (Down syndrome) is a 
relatively common condition characterized classically by dysmorphic 
facies wiih slanting paipebraJ fissures, a flattened occtput, flat 
bridge, hypoconia, menial retardation (which maybe very mild) and 
recurrent infections. There i$ a progressive decrease in serum IgM. 
The thymus may be dysplastic, An increase in CDS T cells with an 
NK phenolype has been described; ihc NK cell nciivity however 
was low. Abnormal delayed hypersensitivity (CMI), amibody 
formation and cytokine production have been reported. Chromo* 
some 2 1 carries the gene encoding the interferon receptor; trisomy 
21 lymphocytes are more scna^itive 10 interferon than normals. Since 
patients wiih Down Syndrome often have evidence of early ageing 
and because the immune dysfunction may be progressive, ic has 
been postulated thai rhe Immune defect may represent 'early 
immunological senescence'. The phcnotypic findings of Down 
syndrome are perhaps best explained by a contiguous gene defect. 

IQ.2.2 Turner syndrome. These patiencs, who have generally an XO 
Icaryoiype, presem clinically wim short stature, ovarian dysgenesis, 
transient lymphoedema, a webbed neck and broad chest. They often 
have recurrent irtfecrions, autoimmune diseases ami increased 
numbers of malignancies. About half have immunodeficiency, with 
decreased scrum igO and IgM. T- and B-ccII numbers and responses 
art usually within normal limits. Patients with variants of the Tbrn^r 
syndrdrne, tncludinft mosaics, may show the same feature;;. 



10.2,3 Ddetiom or rings of chromosome IS ffSp- and JSg^). 
Individuals with rings and/or deletions of the short Or long arms of 
chromosome 1 8 may present with mid*faciai hypoplasia or ptosis, 
menial rctardaiton, growth deficiency. Half have been found to 
have markedly decreased serum IgA and some have igO subclass 
deficiency and defective antibody formation, 

10.3 SMeiai QbnormdUUes 

The known imer-relationship between new bone formation, 
lymphocytes and cytokines leads to the cxpccration of some forms 
of sicclcral dysplasia in patients with immunodeficiency Shon- 
limbed skeletal dysplasia (dwarfism) has» for example, been 
described in patients with aDa deficiency (sec 9,2.;^), In the 
syndromes listed below skeletal abnormalities arc sirifcing features; 
immunodeficiency is frequently aldiough not universally present. 
All arc also associated with growih-reiardailon such as thai described 
in Section kO.4 

10 J J Shori-iimb^d skeUtal dysplasia (jharl-Hmb^ei dworfism). 

The preferred nomenclature is shorl-limbed skelewl dysplasia 
(SLSD). The term is used to describe a group of patients in whom 
stature is disproportionately reduced, with greater involvement of 
the limbs than the trunk. It has been reported in patients with ADA 
deficiency (sec 9.2.3) and in SCID with normal ADA (sec Section 
9.«, 
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J 0.3,2 Cartihge'hair hypoplasia (metaphyseal chofuirfidyfplasia)> 
Thc^e patients present with short-Umbcd skc4ct<il dysplasia an<4 
usually, ihough ho» always fine, sparse (hypoplastic) unpignicntc<l 
hair and severe imflrtuno<lcflcicncy. Th<s inhcriitincc is aK, tn Finland, 
the incidence \s approximately 1: 23.000 births. Multiple organ 
syilcms may be involvc<|: ligamentous laxityi Tfiacrocytic :in£ieni(a, 
neutropenia, nidgocolon (Including Hicschsprung's syndrome) have 
all been dcscrib<:d, M051 patients have frequent Infections and 
demonstrably defective cellular Immunity. The defects in cellular 
immunity may relate to abnormal intracellular signalling pathways 
or in a tran^-acling factor which regulates the expression ofsevml 
early activation gcncs in T ccjls. B-ceil numbers and functions are 
normal. The g:«;n>i ha$ been mapped 10 ^pl3. Bone macfow 
iransptantation hsts fully corrected the immune deficiency, but does 
T^ot influence the chondrodystrophy* 

10.4 Ifnmx modeftcieficy with generalized growth reiartiatlon 
General ited growth retardation is common in children with recurrent 
infection:!, malnut^i:ion and chronic pulmonary disease, h is 
prominent in syndrornci involving the endocrine or the gastro- 
intestinal iract. As noted in Sections 10,1 and 10.2, dwarfism is a 
common component of syndromes involving chromosomal 
abnormaliiics and those with skeletal dysplasia ( 1 0,3 ), The fbilowing 
syndromes arc characterized by growih rctardaiion as a presenting 
condition. 

10.4.1 Schtmke itrtmuno-oyseous dysplasia. Several pailent5 ha^c 
been described with skeletal dysplasia, pigment abnormalities 
(leniigcncs) and nephropathy. The inheritance is AR. Most patients 
have recurrent tnffcctlons with striking lymphopenra, especially of 
T(CD4^) cells. Micogcn responses and DTH arc diminished. B*cell 
numbers and function arc normal. The nephropathy is aissoctated 
wkh circulaittng immune complexes. 

10.4.2 Dnbo\^iit syndrome , This care AR coftdition is associawd 
wiih pre- and posr-natat dwarfism, distinctive facial dysmorphism 
and eczem^i Bone marrow failure, with pancytopenia has been 
reponed. 

f0.4.S Moyitraa/*'Hre idarsson syndromts . Two broihens and three 
additional unretaned boys with pre-natal growth retardation, 
cerebellar hypoplasia, microcephaly, developmental delay and 
progressive pancytopenia with combined immunodeficiency have 
been reported. 

10.4,4 Kyphomelic dysp(<2sia y^iih severe Combined immuno- 
deficiency. This rare skeletal dysplasia with short angulatcd femora^ 
bowed long bones, ^hort ribs and metaphyseal abnormalizes has 
been described in an infant with SCfD. 

10.4.^ ischiadic hypoplasia, renal dysfunction and immuno- 
d€/}cishcy, A child of consanguineous parents with pre-naial growth 
retardaUon, microcephaly, abnormal f^cics (Hat-face, hypertelorism, 
cpicanthic foldSr strabismus, short nose, low set tars), ayn- and Poly- 
dactyly, ischiadic hypoplasia hypospadias and cryptorchidism^ 
renal dysfunction and hypogammuglobultnemia, which appears 
distinct from Dubowits: syndrome (10,4.2), has been described, 

Mtdbrey's nannism, MuUbrey is an acronym for muscle, 
/ivcr train and eye. organs described to characteristically be in^oWcd 
in this aR syndrt^mc. Affected patfents have pre- and post^nat^^' 



dwarflsmN a triangular factes (with a J-shapcd sella turcica) and 
characterisiic retinal pigment change^. Man/have associated dermal 
lesions (naevi nammeJ. anglomata). Early death, commor^iy from 
constrictive pericarditis (which may be relieved by surgical 
Intervention) occurs. Growth hormone and antibody deficiency has 
been described in this form of dwarfism. Scriim IgM and IgG were 
decreased, antibody responses were ablated, B«eell numbers 
decreased. Growth hormone admifiisiration resulted in incrcutsed 
gro^i^h but did not improve immunological responses. 

10.4. 7 Growth tetardaiion. facial afiomaiiws and immuno" 
deficiency. A variety of other small case reports suggest thai the 
combinaiton of facial anomalies and groM^h retardation may be 
associated with recurrent infection, in socne Instances (here arc 
decreased immunoglobulins; in sorn^ neutropenia. The rdports are 
insufllcicni at this time to categorize the clusters more clearly, but 
the finding of facial anomalies with growth retardation wacrancs 
Immunologic Investigation, 

J 0.4,$ Progeria (Huichinso^'Cfl/otd Syndroms), Alop«c\a, short 
staKurc and loss of subcutaneous fat are the hallmarks of (his rare 
syndrome. 5kin fibroblasts have reduced ability to replicate. A 
described reduction in T (CD^+) cells and reduced IgO levels may 
relate lo the rapidly accelerated aging process. A som« wh&c similar 
and very rare condiCron, the SmithMulvihill syndrome (also known 
as Shcpard-EUioi-Smith-Mulvihill) presents with short stature, 
progeria, microcephaly with ocular and dental anomalies, and 
pigmented naevi. In some instances recurrent infections and 
diminished |gO levels and in one patient lymphopenia with 
diminished T and B cdU* weir^ found. 

1 0.5 fmmu^odeficiency wiih ectodermal dysplasia a nd oth^r 
defmatolagical defects 

As noted in previous sections, immunodeficiency is often associated 
with a variety of dcrmaiotogical conditions, including some 
described as ectodermal dysplasia, a icrm that cncompnsscs many 
conditions Ihat are often not clearly differentiated. The following 
syndromes present primarily as dermatological problems, 

10.^ J Ectrodactyly^cctodermai dyspfasia-clefiing syndrome 
(ESQ* These unuaual and rare patients arc recognized mosr of^en 
because of iheir claWlng problems, lobster claw deformkiea of the 
exiremitics and cleft palate, ihat are present in the mauoricy, but not 
all of the atFected paiienis. The uniform finding is of ectodermal 
dysplasia Involving the hair, skin, nails and teeth. Lacrimal duct 
atresia is common. They have recurrent respiratory, lachrymal Ond 
urinary iracr infections. In one case a T-cell abnormality, which 
later resoWcd. waj reported. A thymic abnormality resullftnl from 
the ectodermal defect was postulated. In other cases the immune 
system has been found normal and the recurrent infections thought 
to be secondary lO the ectodermal defects per sc. Tho ectrodactyly 
Iocusisat7q21J. 

10.5.2 immunodeficiency with absent thumbs, a»os>rtia and 
ichthyosis. Several syndromes, for example the Fanconi syndrome 
( 1 0. 1.2), arc characterized by radial dysplasia and/or absent thumbs. 
Three sibshijys have been reportwl wi\h short suture, absentthumbs. 
anosmia, ichthyosis (wfth chronic mucocutaneous candidiasis) and 
recurrent, predominantly viral and fungal as wdl as bacterial 
infections. Scrum IgA was absent; IgO and IgM was variably 
decreased. Mitogen responses wep: difninished. 
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to J J Paffiai albinism and immunodeficknoy. This rare auwsonia! 
rcccssNe disease is characieriiccd by partial alpinism due to abnorrnal 
migration of mela/ios(inics frotn m«lanocytcs <0 keraiinocyrcs. Il is 
distinguished from Chediak-Higa$hi syndrome by ihe absence of 
giant granules. Paticnis hftvc a propensity for t\ingal. viral and 
bacctirial infections. Immunoslobulins and DTH may be decreased. 
Abnormnl T-cell cytowxicily and diminished NK-cell activity have 
been described, The$« paiicnlS have in addition to increased 
su^cepdblluy io tnfeccion, a^lyrnphoproliferaUve reaction simil:irio 
cha( seen in Ched^aK^Hfgashi syndrome rhai leads to early deACh. 

The defect has been corrected by bone marrow transplantation. 

10.SA DyskerGtasis cofiganiia. This disease is characteneed by 
cuiaftffious plgnnjntation, nail dystrophy and oral Icukopltikia. 
Inher'icaJicfi can be X*linkcd. AR or AD. There is an increased risk 
of maHgnaocy, Bone marrow failure freqncnlly occurs in childhood 
v/iih resultant increased Infections, but variable imnwnological 
defects. HypogiunniaglobuJinBCTnia, is found in many patients, olong 
with diminished cell-mediated immunity- 

/ 0.5,5 Netherian syndrome, A large group of paiiems pTCScnting 
with a classic triad of trichorrhe)£is (tnviginaia and nodosa), 
congenital icchyosis (linear circumflex, crythrodermla) and atopy 
have been described. The ichthyosis, which is present at birth, can 
be associated with profound hypmataemic dehydraiion. Decreased 
iVi vitro lymphocyte responses to mitogens and negative skin tests 
to a battery of bacterial antigens may be found. Some have had 
abnornnally low or high serum immunoglobulin levels. 

10.5.6 Ankidroiic ectodermai dysplasia. This Syndrome is 
characterized by hypohidrosis, faulty dentition and hypotrichosis. 
Most cases are X-linked recessive; a fe^v are AR. Hetcrozygotic 
females may have partial sytnptomaiology. Recurrent upper 
respiratory infection lire a frequent problem. Although immuno- 
globulin levels and DTK have been described as abnonmal in some 
patients, no consisieni T- or B<ell abnormality has been found. 
Diminished chernotactic activity has been reported in a possibly 
related condition, con^enitat icthyosis (see also 10.5.8). 

1 0.5.7 PapiUcn^LeJcvre syndrome. Hyperkeratosis of the hands 
and feet with periodontal disease leading to premature loss of teeth 
15 in 5ome cases associated with pyoderma. Neutrophil chcmotaxis 
is often diminished. This syndrome needs to be dlstingtiished from 
the lcukoc;^te adhesion defects (12,2,1) and the Hyper«Ig£ (Job*s) 
syndrome (10.8. 1). 

10.5.8 Congenital iehikyosh^ The X-linked form of this disease 
is caused by a deletion in the steroid sutfaiase gene on ihe short arm 
of the X chromosomCv close to the gene associated wkh chronic 
granulomatous disease (see Section 12.3.0 at Xp2l. Combined 
deletions of both occur. 

in.6 Hereditafy mefaboUc dtficis 

Several hereditary metabolic defects other than adenosine deaminase 
and purine nucleoside phosphorylase deficiency can jmp^ir immune 
function. In the instances listed below the impairment of immune 
fxmcticn may be only a minor component of (he m&nifestations of 
the disease. 

iO,6.l Acrodcrffi otitis ehUropa/hicc. Th\is t^utosomal recessive 
discti;$e characterized by eczema^ diarrhoea, and nnal&bsorption haii 



been reported in association with recurrent sinopulmonary infections, 
decreased serum Ig. Imcrmiucntly reduced numbers and function 
of T cells and abnormal cel]«mediated immunity. In some patients 
abnomal cticmotaxis was found. The syndrome \% attHtiutoblc to 
zinc deficiency from defective gastrointestinal iinc absorption. 
Symptomtitology responds dr&matically to the administration of 
Increased amounts of £lnc given by mouih. 

10.6.2 Tratiscabatamin 2d^tci€nGy, Autosomal recessive defects 
In the vitamin transport protein, (ranscobalamin 2. have been 
described. Thesc defects impair the normally rapid cell proliferation 
required for haematopoiesis, lymphocyie prollferarlon and gastro- 
intestinal tract epithelial cell regeneration. Affected infants present 
with dlarrhoe&y failure to thrive, megaloblastic anaemia, defective 
gfanuloeyie fVinctjon and immunodeficiency involving primarily B 
lymphocyte function. Administration of vitamin B,j in pharmaco- 
logical doScs Ttipldly reverses the signs and symptoms. Folmic acid 
may also be required. 

/ 0, 6. 3 Type I hereditary orotic acidvirh , An au losomal rcccssi vc 
disease which presents with retarded growth, recurrent diarrhoea, 
megaloblastic anaemia^ increased numbers of infections (including 
fatal meningitis and vanceUa)^ and lymphopenia wich decreased 
numbers of T lymphocytes and impaired cell-mediated immunity. 

J 0.6 4 / ntractab (e diarrhoea, abnormal fades, (richorrhtxis and 
immunodeficiency. Several patients have been reporteU with pre- 
natal growth retardation, facial dysmorphism with hypertelorism^ 
woolly, friable hair (trichorrhexis) and severe secretory diarrhoea. 
AVhilc serum immunoglobulin was normal, antibody responses were 
defective. Jn vitro lymphocyte responses to njiwgcns were likewise 
normal, but skin tests for delayed hypersensitivity (DTH) were 
diminished. Stanklcr Syndrome m:^ be similar. 

10,6,5 M^thyimalomc aoidaemia. Mcthylmalonio acidaemla is 
similar to Tr&nscobalamin 11 deficiency; it represents a series of 
several distinct enzymatic defects thai affect cobalamin (B^^) 
metabolism and result in the accumulation of excels levels of 
methylmalonic acid which inhibits bone marrow stem oeti growth. 
Pancytopenia is common; B-cell numbers and s^rum IgQ may be 
reduced. There may be no response to Vitamin B,^, Folic acid 
treatment may reverse the problem. 

/ 0, 6. 6 Bio fin d^pcndKni carboxylase dejiclency. \ n fants affcc$i;d 
with this autosomal recessive condition present with convulsions, 
ataxia, alopecia, Candida dermaTitis, keratoconjunctiviiis and 
Increased urinaty eNcreiion of beta-hydroxyproprionic acid. Isolated 
IgA deficiency and reduced numbers of peripheral T and or B 
lymphocytes have been reported. Btoiin administration results in 
biochemical and clinical improvement, 

1 0.6.7 hAannoiidoJi^, This lysosomal storage disease resetnbles 
Huder syndrome with abnormal facies, dysostosis, hepatosplcno- 
raegaly and recurrent infections. The accumulation of the mannose- 
rich lysozomcs may interfere wiih both neutrophil and lymphocyte 
function. 

!0.6.^ Glycogen storage disease. Type lb. Patients with ihis variant 
of glycogen storiige diswc may have neutropenia and neutrophil 
dysfUnciioti, presumably due to defective glucose metabolism. They 
have recunrenc Infections. 
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lOJ H)if7GrcQ(abo(ism or loss of immuno^iobuiin 
Many diseases are associated with hypercaubolism of Ig. These 
can be distinguished from failure of Ig produciion by metabolic 
scudies. The following arc some of ihe conditions in wi\ich 
hypercatabolism of may lead to ImmunodeHcicncy. 

/0. 7, / Familtai hypcrcatabo!fsm. A Kindred has been described 
with rocurroni Infections, bone abnormalilies, abnormal glucose 
mecabolism and diminished levels of serum albumin and immuno- 
globulin which could not be explained by increa5ed gastrointestinal 
or urinary losses. 

/ 0.7.2 ini^siipial lymphangiecsasiSn tosses of lymphocytes and 
immunoj^lobulins into the gut caj> result in signiflcanl lytripho^ 
penia* diminished cell»mediattd tmmuniiy and decreased scm^in 
Ig Icvels- 

/0,8 0(h€r 

W. 8. 1 Hyper^l^E syndrome (Job syndroms). Recurrent (usually 
staphylococcal) abscesses chat are often *cold\ lung abscesses which 
result in pneumatococles, likeleul &nomali«5, eoarse f^cics, 
eosinophilia and very high serum levels of lg£ dre characteristic of 
the Job or hyper-IgE syndrome. The D lymphocytes from these 
pailenis spontaneously produce large amounts of IgE in vgfro. 
Several kindreds involving boih males and females, and affected 
mothers or fathers with affected children have been reported, 
suggesting that in some instances the disease '\$ autosomal dominant. 
Sporadic cases also occur. The immunological defect \t not yet 
f\)lly understood. 

iO.S.2 Chronic muco-aUansOii:^ candidiasis. These patients have 
severe persistent candidal infeciions of skip and mucosa. They have 
inafkedly impaired cell mediated immunity to Candida antigens. 
The relaiionahip. if any, between the spccitlcally dimitiishcd 
T-lymphocyre responses and infection is not understood. A mannose 
deficiency has been noted in the monocytes of some patients. This 
condition is frequently associated with familial polyendocnnopathy. 
Severe secondary bacterial infections may supervene. 

fO,3.J HertdUary or congenital hypospl^nia or asplenia, persons 
with hyposplenia or asplenia (whether posi-traumailCr surgicat« 
congenital or hereditary) arc at increased Ksk for sepsis. Infants 
*^ith congenital or heredicary asplenia are particularly prone to such 
infections. The responsible organisms are usually pyogenic, 
pneumococcl being the most common. Tncreased susceptibility to 
intracellular parasites (fbr example, malaria) and some viral agents 
ha? also been reported. 

/0,8,d Jvtmark syndrome. This syndrome probably represents 
disturbed lc>terality including partial siius inverstiS during wafy early 
embfyogcncsis resulting in major defects in organ fomation. in 
addition to cardiac defects, asplenia is found. The problem of 
infection are as described in Section 1 0.8.3. 

JO.B.i f^a/nitia^f ififcstifiat pQiyafresia. Mufriple areas of aircaiia 

throughout the gastroinwsiinal tract characterize this AR syndrome, 
Scvcrstl pnltcnts have had an associated severe combined immuno- 
dcfic;ii:ncy, all with markedly decreased immunoglobulin and 
variably decreased T^ccll number and iUnciioni and reduced 
immunoglobuljns. Patients wiih femilial intestinal polyatresia 



require surgery; as these paiienls may have an underlying SCID, all 
blood given must be irradiaied to prevent cngraftmcnt. 

10,8.6 Immunodeficiency wiih thymoma, ADout 10% of paiiervts 
wicti thymoma have an immunodenciency, an association described 
in 1954, The disorder is seen most commonly in older (>40 ycarii) 
adults and is generally identified by the radiological finding of the 
thymoma and on subsequent study by hypogammaglobulinaemia. 
The immunodeficiency often initially appears similar to common 
variable immunodcncfcncy (9.3.7), The immunodeficiency may 
precede the thymoma. The types of infecitons (candidiasis, herpes), 
the frequent occurrence of autoimmune disease (myasthenia gravis, 
pernicious anaemia, diabetes, thrombocytopenia) and studies of 
cellular responses indicate ihatT cells as well as B cells are affected, 
the condition thus fits the criteria for a combined immunodeficiency 
(see Section 9,2). The occurrence is sporadic and afTects both 
sexes, Mo familial cases hove been reported. Immunoglobulin 
administtation decreases the number of infections. Surgical removal 
of the thymoma may meliorate some symptoms^ but does not cure 
the immunodeficiency. If the thymoma is malignant, death usually 
follows within a few years of diagnosis. 

II COMPLEMENT DEFICIENCY 

//J Complement system 

The classic complcmeol system consists of nine numbered 
components (CI lo C9) and five regulatory proteins (CI Inhibitor, 
C4 binding proiein. properdin* F^clo^s H iind 1), The fir^t component 
(C!) comprises three subcomponents, Clq, Clr. and Cls. K is the 
molecular interaction between Clq and aggregated IgO or IgM (a5 
in an anligen-antibcdy complex) that initiates activation of the clas^sic 
complement sequence. The fivaiion of Clq activates Clr and Cls. 
Cls cleaves C4 and C2, v^hose acrivc fragments C4b and C2a form 
the classical pathway C3 convcrtasc. 

An alternative pathway to C3 activation consists of C3bt Faeior 
8 and Factor D. Factor B binds to a cleavage fragment of C3, C3bi 
10 form C3bB. Factor D cleaves the bound Factor B to form the 
alternative pathway 03 converiase (C3b&b). \i aciivaies C3 in a 
fashion similar 10 thcC3 convenase of the classical pathway, C4b2&. 
Properdin appears to stabilize this alieoiati ve pathway C3 convenasc. 

A large number of biological activities important in the 
inOammatory response and in host resistance to infection take place 
at various steps in complement activation. The lytic property for 
bacterial or animal cells, however, requires the aciivaxion of C5 to 
C9 by the classical of ahemaiive pathway. The enhancement of 
phagocytosis by complemeni is probably of great biological 
signiftcancc and requires the deposition of C3b or iC3b on the particle 
10 be invested. Certain viruses arc neutralised af^er interaction with 
antibody and only ihc first two complement components (CI and 
C4); other viruses require CZ and C3 in addition. Immune adherence, 
a properly wKercby antigen-antibody complexes adhere to 
complement receptor 1 (CRI), occurs with complement acUvation 
through the C4 and 03 steps. Tlic ligands for CRI are C4b and C3b- 
Hisiamine release from mast cells, smooth muscje contraction and 
mcreoi^ vascular permeability caused by anaphylatoxin activity 
are properties of each of the two small fragment (C3a an^ C5a), 
which are released when 03 or C5 arc cleaved by their respective 
convcrtases.Thfise fragments are also chemo^actic (br polymorpho- 
nuclear leukocytes, panicul^Hy C5a» which also causes cxocytosis 
of neutrophils. The classic complement paihw^^y tippcars to be 
important in the dissoiution of jniinunc complexes. 
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CompUmeni enhances B-ccH activation ni (wo di$unci »agc$ 
of devctoprneni within the lymphoid companmen(: (a) (brmanon 
of the Pals (perianenolar lymphoid shca(h)'a$5ociated foci; and 
(b) survival within ihe gcrminul centre (QC). Th« former involves 
reduction in ihe threshold of I)-c«ll £ignDl1ing via the CD2I/Tapa-1 
complex; the I alter involves increajicd adhesion between (he 6 cells 
and the follicular dendritic cells, mediated by CD2 1 and C3d-an(tgen 
in germina) centre interactions. 

(Jene/ic defects in human comphmznt 

Genetic defects hdve been described for almost d-U ihe 
compldmenr componems in humans, including Clq. Clr (and 
CIS), C4, C2, C3, C5. C6, C7, C8 and C9 deficiency <Tabic 6). 
In aU these instances defecr? arc transmitted as phcno typically 
3uco56maUrecc5sivc traits, and the heterozygotes can usually 
be detected because their sera contain approximately half the 
normal level of the deficient component as detcrmmcd by 
functional nnd/or immunochen^ical tests, Non-functional 
variants of Clq have been described. C8 deficiency is ungsual 
in that (he {3 chain i£ not covakntly associated with the a and 
7 chains. Thus affected Caucaffian C8 deficients lack the p 
chain and black C8 deficienis lack the a, r chains. Both forms 
have non-functional, incompftfCd C8 molecules in (heir serum. 
C9 deficiency has a very high incidence in Japanese. Genetic 
deficiencies in the alternative pathway arc very rare. Deficiency 
of properdin is X-Unked. The mode af inheritance of Factor D 
deficiency is not entirely clear, 

Genetic defects have also been recogriizcd for three inhibitors 
of the complement system: CI inhibitor, Factor I und Factor H. 
Deficiency of the CI inhibitor i$ inherited as an aotof^onr)al dominant. 
This deficiency is associated with hereditary angioedema (HAE), 
or Quincke's disease. In 15% of affected kindred the sera contain 
normal or t^levated amounts of an immunologically crosS'^reacting 
(CRM+X non-functional protein due to mi^sense point mutations 
in the CI inhibitor gene in the tT^on encoding the active site. In the 
majority of affected kindred the defects arc due to nonsense 
mutations or unequal crossovers in the Alu sequences of inirons 4, 
5, 6, 7 and 

The genes for factor B, CI and Cd are located on the short arm 
of chromosome 6 between HtA-D and HLA-B- The C4 gene is 
duplicated and the two gtu^s are designated C4A and C-iB'^ CdA 
molecules usually bear the Rodgcrs blood j roup substance and C4B 
the Chido blood group substance. Complete C* deficiency is very 
rare and occurs only when ail four alleles (the two of C4A and the 
|wo of C4B) are not expressed, 1 n one case* thiif was due to isodisomy 
of a paternal chromosome 6p that was deficient in C^A and C4B 
(C4AQ0 and C4B0O)- ThirTy-fivc per cent of individuals in all 
racial groups lack one to three C4 alleles. Those with C4AQO have 
a high incidence of SLB and juvenile rheumatoid anhritis. The genes 
for ftictor B and C2 are so lightly linked iha^ no crossover has yei 
been observed between them, but unequal crossover in the MHC 
may result in the eypression of three C4A alleles and one C4B allele. 

Or vice versa. 

Genetic polymorphisms arc known for C4A, C4B, C2, Factor 
B, C3. 06. C8a, and C8D. Poiymorphic variants of C5, C7. Factor 
D, Factor H, Factor i and CI inhibitor arc rare. 

All patients with complement deficiency are more or less unduly 
susceptible to infection and to developmeni of immune complex 
dj;reasc, For c^omple, paiiencs with CI Inhibitor dencicncy(HAB) 
Have prominent angiocdema but are also prone to develop immune 
complex disease. 



Impeded androgens have proved extremely effective in the 
treatment of hereditary angioedema. Purified CI inhibitor 
preparatiotis are available for intravenous administration and should 
be used in the trentmcot of acute attacks of angioedema. There is no 
satisfactory replacement therapy for the other complen>ent 
deficiencies, largely because the catabolic rate of these proteins is 
very high. Sometimes patients with late component deficiencies 
require onii-tnicrobial prophylaxis or immunizations because of 
recurrent neisserial infections. 

12 DEFECTS OF PHAGOCYTE NUMBER 
AND FUNCTION 

Apart from congenital neutropenia^ which has several causes, there 
may be inherited defects of phagocyte flinctionr affecting poly- 
morphonuclear and/or mononuclear phagocytes. Neutrophil function 
depends on movement in response to chemotactic stimuli, adherence, 
endocytosis. and Killing or destruction of the ingested particles. 
Mobility depends on the integrity of the cyroskelecon and the 
contractile system; directional mobility is receptor mediated. 
Endocytosis depends on the expression of certain membrane 
rcccpiors^ for example, for lgG» C3b and iC3b, and on the tluidiiy 
of the membrane. Congenital defects of phagocyte number and/or 
function and their Hissociated features are listed in Table 5. 

Assays for chcmotaxis can be performed by the use of Boydcn 
chambers or migration under agarose: defects of contractibility, 
however, can only be assessed ^ith Boyden chambers. The 
measurement of nitrobluc tctrazolium (NET) dye reduction by 
actively phagocytosing leukocytes has been accepted as a standard 
measure for the adequacy of super oxide production. Better suited 
for detection of partial defects are more sensitive assays including 
chcmiluminesccncc and Ih* direct measurement of superoxide. 
Assays for bacterial killing are demanding and yield highly 
variable results depending on the bacterial species used in the 
assay. 

!2. /. / Severe congemtal neutropenia (SCN. Kosfmann syrjdrome). 
SCN is characterized by profound neutropenia (<200/^l) and a 
maturation arrest of myeloid progenitor cells at the promyelocyte- 
myelocyte stage. Phanmacological doses of G-CSF (ranging from 
O-S to 70 ^^g/day) increase the neutrophil count in the majority 
of patients and decrease infections (mainly otitis, stomatitis and 
pneumonia) significantly. 

While most SCN patients have normal G-CSF receptors, a 
subgroup presents with non-sense G-CSF receptor mutations 
truncating the C-tcrminal cytoplasmic region crucial for maturation 
signalling. Patients in this subgroup develop my^lodysplastic 
syndrome and acute myeloid leukaemia. They should not be treated 
by G-CSR but probably by bone marrow transpltmtation if a donor 
is available. 

12 J -2 Cyciic neutropenia. Cyclic neutropenia is characterized 
by 21 -day oscillations of blood counts with neutrophil levels 
fiuctuating between the lower limit of nonr^al and 0. During the 
periods ofscvere neutropenia patients are prone to severe infections, 
but otherwise are relatively well, 0-CSF in doses of 1-5 fig/kg/day 
raises the oscillating neutrophil counts and shortens the periodicity 
of the cycles which persist. None of the patients developed MDS/ 
AMI. 
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Q,2 0<i/(S€ts of moCtUty 

iZ.Z.l Leukocyte adhesion da/ecis (LA D), A large number of coses 
has been dcscnbed with a dcTtci in the iC3b rcecpwr of phftgocy^es 
(CDl /b), (he C3clg receptor of phagocy[es called pl50.95 (CDI Ic) 
and ihc LFA-1 (CD Ma) adhesion molecule of T lymphocytes, N{C 
cells and phagocytes. This deficiency results from abnormal 
biosynthesis of a 95 kd 3 chain (CD18), which is common to the 
iC3b rec«p(or, pl50/95 and LFA-/; the geae encoding the beta chain 
maps 10 chromosome 21. This dcfccC Ka^ been call«<l leukocyte 
adhesion defect type I (LADl). U is inherited ai an autosomal 
recessive disorder. The phcnoiypic expression of th* teuVocyte 
adhesion defect is variable. In the severe phenotype <l% of normal 
adhesion molecules are expressed whereas in the modquie phenotype 
up lo iO% of these molecules are expressed. PatfcDts have de(bct$ in 
mobility, adherence and endocytosls. They usually present with 
infections of skin, periodonutis and intestinal or perianal fistulfis. 
In the acvcrc phenotype omphaUtis> delayed umbilical cord 
separation, septicaemia ftnd massive leueocytosis (up to 
100,000 pfim') arc typical- 

A second type of leukocyte adhesion deficiency (LA02) has 
been described in unrelated Palestinian children. These infanis are 
unable (o synthesize fucose from GDP man nose so that they cannoE 
form the Sialyj-Lewis x ligand for th^ selectln molecules. Th^ 
phenotype in this form of LaD is similar to the common form of 
LAD except that fhorc Stature, mentdl retardation as we)i as Bombay 
(hh) blood group ha5 been noted in the former U U inherited as an 
autosomal recessive. The enzyme defect has not been precisely 
defmcd and its chromosomal location is ^noi yec known. 

12.2,2 CH^diak^Nigashi syndt^m€ (CHS). This autosomrkl 
recessive disease Is characterised by pa^ial ocuto-cuianeous albinism 
due to dy^meturatlon of melanosomes. Giant granules are found in 
all nucleated cells. Besides neutropenia abnormalities ofgranulocyce 
and monocyte mobility and chemotaxis, as well as defective NIC* 
cell cytotoxicity are demonstrable. The latter may explain an EBV- 
associated lympltoproliferation resembling familial lymphohistio- 
cytosis (KUH) that leads lo pancytopenia and hypofibrinogencmia 
following macrophage activation. The CHS gene has been Identified 
and encodes a protein vhich may regulate microtubuk-mtdiatcd 
lysosome transport. 

12.23 Spi^etfic granuk 4€flciency, Neutrophils have two types of 
granules which contain a variety of enzymes. In a few patients described 
to have abnormal neutrophil structure (bi«>lobed nuclei), specific 
(secondary) granules (which normally contain lactoftnin and receptor? 
for chemotactic factors as well as Tor iC3b and C3dg) are Incomptctcly 
formed. Defective chemotaxis has been described. Clinically there 
at^ increased numbers of skin infbction^ and progt«sive pulmonaiy 
disease. The precise naCurr of the defect is uoltnown. 

12 J. 4 Shwachman syndrome. Heredttary pancreatic insuflficiency 
associated vrith neutropenia, defective neutrophil mobility and 
chemotaTds, thrombocytopenia and anaemia and often metaphysenl 
chondrodysplasia with short stature are the principal features of (his 
syndrome. Artec ted infants have recurrent pyogenic sinopulmonary 
and skin Infections and may have hypogammaglobulinaemia. It is 
inherited as an aR. 

i2.2.S Other, Phagocyte function may also be defective in a 
number of echcralizcd hereditary diseases, such as glyoogen Storage 



disease type lb. The phagocytic dysfUnccion does not constitute a 
characteristic or diagnostie feature of these diseases- Certain 
immunodedciency syndromes nwy be associated with a constant 
primary (e.g. the Wiskott-Aldrich syndrome) or a fluctuating 
secortdary chcmoiactic defect, 

12,2-6 Treatment, Infections In phagocyte deficiencies should be 
treated with appropriate antibiotics, surgery, and in case of 
septicaemia, neutrophil mnsfVision. In case of defects of intfacellvil&r 
killing Tipophiltc antibiotics able to penetrate phagocytes are 
preferable. Long-iepm infection prophylaxis by sulfamethoxazolc- 
trimethoprim (antibacterial) and iu^aconazolc (anti-aspergUlus) is 
vftluabte, especially for COD. If neutrophils are tonsfused, cells 
should be mobilized m the donors by C-CSF, and should be protecied 
in the recipient from opoptosis by G-CSF as well. Patients with 
congenital neutropenias (e.g. SON, cyclic neutropenia) and chc 
neutropenia associated with the hyper-lgM syndrome profit from 
0-CSF treatment. G-CSP must not b« given to a subroup of SCN 
having C'CSF receptor mutations predisposing to MDS^AML, 

Some CCD patients (e.g. wkh mutations still allowing residual 
O^" production) may profit from interferon y treatment. Bone marrow 
iransplanialion has been successful ii) patients with SCN, tAt>. CHS 
and CCD. 

!2 3 Oef^dv of m icrobiat kiiling 

123, i Chronic granuh^atous disease (COD). Defects in intra- 
cellular killing of ingested micro-organisms usually result from 
failure of production of superoxide union, singlet oxygen, and 
hydrogen peroxide. This failure results in chronic granulomatous 
disease (COD). The organisms cultured fron\ legions of patieni;? with 
COO arc generally catalasc-producing and include Staphylococci, 
£. coliy Serra/ia marc&scanv^ Nocardia, fUngl, such a$ Aspergillus, 
and oihcr organisms wirh formation of chronic infected granulomas) 
especially of lymph nodes, liver, lung and gastrointestinal tract. The 
reaction NaDPH ^ JOj-^NADP ^ 20^' ^ H* requires NAOPH 
oxidase, a muttl-eomponcnt enzyme locaHzed in the plasma 
membrane of phagocytic leukocytes. The enzymatic unit ofNADPH 
oxidase cofisists of a ilavo-hcmc protein called cytochrome b558, a 
heiefodimer composed of a $1 kD chain (gp9lphox) and a 22 kO 
chain (p22phox), When phagocytes are activated^ a number of 
cytosolic oxidase components translocate to the membrane and 
induce cnzymntic activity by a conformational change in the 
flavocytochrome. X-linked COO results from a defect ii^ gp9l phox, 
In some cases. CCD is associated wiih a defined deletion in the 
short ami of the X chromosome at Xp21, In some cases of autosomol 
recessive COD, p22phox whose gene is encoded on chromosome 
16 is defective; in ihc others one of iwo cytosolic components of 
NADPH oxidase, p67phox or p47phox, is defective, 

123.2 Nituirophil GS^PD deficiency, Olucose-6-Phosphaie 
Dehydrogenase (G6-PD) is a necessary component of the hexose 
nnonophosphate shunt. The G6-PD gene, located at Xq28> Is prone 
to frequent mutations; over 200 variants have been t^eorded. In 
Neutrophil G6»PD deficiency the variant leads to a severely defective 
enzyme and. because of its function in NADPH generation* resuU^: 
in reduced intracellular HjO, production on leukocyte activation. 
AS in CGD, there is failure in the killing of catalase positive 
intracellular organi*mSi The clinical presentation is the s^me as in 
COD except that it occurs at a later age. Since NBT cannot be 
reduced, the NBT test can be for ascertainment* Reduced G6- 
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rD in red blood ^tWs causes concomfcanl chronic haemolyiic 

J 2. 3 J S'!yeiopcf*oxl(io:i& d^ici^ricy. Myeloperoxidase is one of 
ihc moreabundan* tfnzym«5 in polymorphonuclear Icukocyies. The 
gene is lowed Of 1 7q22-'23, Deficiency is not uncommon ( I ;2000 
CO 4000 in the USA) and Is usually clinically silent. Granulocytes 
lacking the enzyme fail to kill Candida: some affected persons 
(presumably halving a nnore defective mutation and oAen in 
association wiih gtber dis«a$e£) have suffered from severe, recurfent 
candidal inrecdons. 

/ 2. J , ^ tntKirftLron-^ rec«ptof daficitncy Interfcroo-Y i s the mojof 
cytokine responsible for the acdvaiion of macrophaj^a?. It primes 
macrophages for production of reactive oxygen intermediaies and 
nitric 6xide (NO). Absence of tb« oc-chain of the intcrfcron-y receptor 
can be a cause of selective susceptibility to BCG, atypical 
myobactcria or solmonclla infection, Giant cells and granulomas 
arc not found. Susceptibility to viraJ infections* S«»enis normal. 



FOOTNOTES 

*The» deiQjrminaiiorts require special fhclliiJes and ckn be arranged by 
writing to Dr H. D. OchJ, Department of PediMries RD-70. U*iiv<rsity of 
Washington. Scame, Wa 98195, USA. 

Obtainable from ihe Institute Pas(our«Merieux, Lyon, France. 

"Antigen and assay obtainable from I>r M. EibL Insslmic of Immunoiosy, 
Borschkegassc fia. 1090 Vienna, Austria. 

''Obtainable from Mcrcfc, Wostpoinl. Pa 19^86, USi\. 

•■Obtamabk from Hollisier-SticrLabs. Box 3 1 45, Tcrmrnal Annex SpoV>fto 
Wa, USA. 

•Undiluted glyccrin-fi-cc Dermatophytin (TrichophyTon). Holtister-Stier 
tabs, Box 3 145, TcrminaJ Annex, $po#?inc. Wa, USA, 

»»MurnpS SKln tes<, E!i Lilly ^ Co, Indianapolis. IS) 46206, USA. 

^■Paedi attic diphtheria and tetanus toxoid, Wyeth Laboratories. P.O. Box 
S299. Philadelphia, PA 19101, USA. 
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Leukemic Cells from Progressive B-CLL Respond Strongly to Growth Stimulation In 

Vitro 

Miguel Aguilar-SoriicliscsV H5kan MelUwdt-', aod Mikael Jondal' 
*Depanment q( irnmunology, KarolinsUa InjirlutQ, tind ^Oe|>ar(m«n^ of OncoJoey, Racf'umh emmet. Karolinska HospIlaU Stockholm, Sweden 



t^latod leukemic B cells from patients witn B-ohronic lympHp^ 
cytic t«ukcemia (B^CLL) were f«stod for proKferfttiva ra^ponse 
fn vitro (o Sr^phy/ococcus Aureus strain Cowan 1 (SAC), ll.«2, 
and low molecular w«&(9M (MW) BCGF. P«<1cnt« t^ete classiiied 
according lo clinical Stage and progrQS«lvene99. Ten of 
eighteen oeM populations ff'om patients witfi prodrea^lve B-CLL 
responded in vitro with a stimutatlon Index (SI) >20. Only 1/16 
non-progressive patients had a proltferatvve but low reapcnse. 
Normal unfraetionated tonsillar 6 eetto responded to SAC and 
eCQP, whereas normal high booyai^it density B cells were unre* 
sponsiva. Att^r 3 days of sMmulatlon, responding B-CLL cells 
had mulctplled and tne B cell^ expressed COS, CDig^ and 
weakly CD21 , No cells in the responding cultures exhibited CD3 
or the EBV nuctear antigen EBNA-1. Cell maturation, measured 
as igM secretion, was found tn some, but not in all responding 
B-CLL cultures. Thus, B-CLL cells from patients with progress- 
ive disease have the capacity to respond to signaling through 
surface Ig receptor? anS to certain T-cell tactors which was not 
the case for B-CLL cells from non-progressiva patrents. The 
pattern of /n Wtro response may be rotated to disease pro- 
gression, refleotlrtg a dependency of normal i mmunoregulatory 
maehanisms and/or a dy^regulatlon of the gro«wth control in 
the leukemic cells. 



INTRODUCTION 

B-chronic lymphocytic leukemia (B-CLL) has a variable clini- 
cal course, from a benign^ indolent condition (t) lo «i rapidly 
fatal disorder (2.3). The extent of the disease is described by 
Staging systems (4,S) and progress! veness by the development 
of anemia, thrombocytopenia, tissue infiltration, number of 
leukemic cells In peripheral blood, and constitutional symp- 
toms <6)< Clinical progression ts related to growth of the leu-' 
kemfc cells and is reflected by an increased number of cycling 
cells in the blood (7-9). Whether the tcukemlc expansion 
occurs at the Stem ceJI level in lymphoid tissues or in the 
entire B-CLL population, including cells in blood, is not 
clear (10,11), 

B-ClL c^lls e;(pres5 CDS belonging rc a subpopulation of 
B cells which are elevated in autoirnm^nc diseases (3)- The 
frequency of autoantibodies and autoimmune disorders In B- 
CLL is high, and secrewd IgM, derived from the leukemic 
cells, often reacts broadly with different potential autoanti- 

There is evidence ihat T and NK cells are activated in B- 
CLL (3/14-17) and predominant T-cell clones have been 
detecied In benign cases of B-CLL by probing for rearranged 
beia chains of the T-cell receptor (TCR) (18). It has been sug- 
gested rhai B-ClL cells may be regulated by the normal T- 
cell compartment, both negatively by suppressor T cells, and 
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positively by helper T cells (14,16). TOtterman ef a/, (14) have 
found evidence for chronic antigenic stimulation by accumu- 
lation memory helper/inducer CO^^" T cells, and found 
a selective increase of soluble CD4 in serum of patients wfch 
progressive disease 09), Positive regulation of B-CLL cells by 
helper T cells may reflect normal mechanisnrts for 6-T cell 
interaction (20), as B-ClL cells express MHC class If mol- 
ecules (15,21,22) and may function as antlgen-presentinig 
cells (23). 

Jf positive signaling through membrane IgM, or by helper T 
cells, are important events in B-CLL progress ion, the leukemic 
cells may be responsive h vitro to signaling ihrough <»nligen- 
speclfic membrane IgM ^nd to soluble factors, in a number 
of earlier studies, the response of B-Cll to factors such as 
BCGF, lL-1, 11-2, IL"A, IL-6, TNF, Interferons and drugs, as 
well as anti-IgM antibodies, have been tested (3,9,10,15.24). 
Prom these studies it seems as if B-CIL cells are heterogeneous 
in I heir responsiveness, both wiih regard (o differenciarion and 
proliferation. However, the relationship between clinical 
activity and the in vitro response Is not cle;»r. 

In the present study we compared the proliferative in viuo 
response of isolated 6 cells from blood of progressive or non- 
progressive B-CLL patients to Staphylococcus Aureus strain 
Cowan 1 (SAC), and the T cell factors lL-2/ and low molecular 
weight (MW) BCCF. We found frequent and strong h viiro 
responses in B-CLL ceils from patients wiih progressive dis- 
ease, measuring eel) numbers and DNA Synthesis. The pro- 
liferative responses were, or were not, associated with cell dif- 
ferentiation as detecied by igM secretion. 



MATERIAL AND METHODS 



Padenrs 



Thiny^foor B-CLL patients, 15 wonnen and 19 men, with a 
mean age of 73-4 it 7,4 years (range 55-B6 years) were srud- 
red (Table 1), The patients were staged according to Rai ef af. 
(4). All patients had a blood lymphocyte count >4 X 1 OVl 
Including a monoclonal B-celi fraction (k or A light chains), 
The diagnostic criteria have been described in detail else- 
where (25). ParJems in stage 0 did not receive any treatment, 
No patient had received therapy within 30 days before (est. 
Patients were considered to have a progressive disease, 
according to a modification of the criteria by the NCI Commit- 
tee (26), if there was a progression during the preceding 3 
months in disease-related anemia (Hb <100 g/(), thrombo- 
cytopenia (platelet count <100 X lOVI), and/or in spleen/ 
liver/lymph node size (evaluated boxh by clinical examination 
and cornputer tomography of the abdonnen), and/or more than 
a doubling of the blood lymphocyte counts, artd/or appear- 
ance oi constitutional symptoms. When these criteria were not 
fulfilled, 6*CLL patienfi were defined as havinj^ non-progress- 
We or stable disease. 
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Table 1 


Clinical Characien'stici of the B*CLL f'alienis 
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Blood Lymphocyie 


Code 
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Therapy* 


Counl (X 10*/!) 




1 










— 


40 




F 




A 
w 




i Qv 




62 
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45 


L 71 
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7<l 
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L 84 
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69 


0 




66 
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76 


0 




75 
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L140 
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85 


0 
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72 





32 


U167 
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60 
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60 
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77 
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34 
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F 


56 


1 


— 


12 




62 
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68 


1 


— 
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16 
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M 


81 


t 
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M 


78 


1 
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228 


•f (261 
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-*-(144) 


90 


130 


F 


62 


i 


i- 


3 




127 


L68 
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1 

I 
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F 


76 


i 


4- 
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31 


L 160 


F 


73 


I 


•f 


96 




129 
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F 


72 
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120 


L62 


M 


66 
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42 


+ (1) 


160 
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M 


72 


(1 




76 


+ (10) 


170 


L 141 


M 


73 


It 


4. 


30 


■f (19) 


30 


L153 


M 


86 


II 


A. 


3 




209 


Lisa 


M 


77 


1! 


+ 


38 




240 




F 


77 
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120 


^{^^) 


40 
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M 
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85 


L 162 


F 


78 
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•^ 


45 
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L19 
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IV 
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L61 


M 


74 
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72 




10 


L69 


M 


75 


IV 


+- 


78 


^(6) 


a7s 


L70 


M 


77 


fV 


"f 


120 




73 


U156 


M 


72 


IV 


■♦- 


19 


+ 18) 


300 



♦Months since last tre^imern in brackets. 



Reagents 

Recombinant 11-2, was obtained from Du Pont Scandinavia 
(Stockholm, Sweden) and used ara concentration of 100 
U/ml. SAC was boufiht from Caibiochem, San Diego, Ca, 
USA and used at a final con'S'.entratfon of 0-005%. Low MW 
6CGF was purchased from CeHuiar Pcoducis, Buffafo, NY, 
USA *ind used at a 10% v/v final dilution. Propidijm Iodide 
and RNA&t were obiained from Sigma (Si Louis, MO, USA). 
1,2-phenylenediamine, di hydrochloride (OPD) tablets, as well 
as pefovidase-conjugated f<ibbi( immunogfobufin anti-human 
(gM were ffom Dakopatts (Copenhagen, Denmark). 

Cell Isolaxion and Immunofluorescent Stslning 

Hepariniied venous blood was collected in vacutainer tubes 
(Sexton Dickinson, Mountain View, Ca, USA) and sedl- 
mentfed with 6% gelatin in Isoiontc salt solution for 45 min to 
obtain the leukocyte-rich plasma, The cells were incubated 
with c^rbooyl iron for 30fnin a! 37*"C and phagocytic cells 
were removed by a magnec. Lymphocytes were obtained by 
Lymphoprep fNycomed, Oslo, Norway) centHfa^aUon- Cell 
samples were deptered of T lymphocytes by two consecutive 
cycles of rofteting with she^-p erythrocyi<;» (r«a(ed wfih 2-afnj- 

fN VITRO Pf\OLm^FiATiON OP ^fi^O($nESS(VB B^CLL 



noethylisoihfourooium bromide (AET). isolated cells were 
phenotyped by immunofluorescence staining using mono- 
clonal antibodies ancl-igM, anti-MAC 367, phycoerythrin (P£)- 
conjugarcd anti<0l9, and PE'Conjugaied ana-C025 from 
Dakopatti, Pe-conjugated-anei-CD5 and F|TC-lgGVPE-lgG2a 
conjugated Simultest (Becton Oicl<inson) and FiTC-F (ab')^ 
fragments of ^f^inity purified sheep aniibodies anti-moLi$e IgG. 
not cross-reactive to human IgG (Cappei Research Reagents; 
Organon Teknika, Belgium). Non-siained cells and ceMs tre- 
ated with PE-con jugate or FITC-conjugote alone were used as 
controls, Siained samples were analyzed In a Becion Dickin- 
son FACScan system, using 10000 cells for each determi- 
nation and an acquisirion rate lower than 400 celis/s- Isolated 
non-roseting, leukemic B cells conuined <0,2% 003" cells 
(/) ^ 16) and non-rosecing normal un fractionated tonsillar 8 
cells contained <0,2% C05* cells (r) = 3J (data not shown). 

Culture Conditions 

Isolated B cel*s were cultured in RPMI 1640 n>edium sup- 
ptemenied with 1 mM giutamine, antibiotics and 5% FC5. A 
final concentration of 2 K 10^/ml was used in ^e-microweD 
pU^tei in (he preiicncc or absence of (he stimulatory agents for 

11^7 
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72 h 37*C. Celts were then pulsed for 16 h with 1 ^Ci/well 
of ''M-ihymidine, HarveMec* on ^jfass fiber filters (Skatron, Ster- 
ling, Va, USA), dried and counted in a 5eia coumer (12 18 
R^-ickbeta; LKB Wallac) by addition of OpMphase. Hiwfe i( 
(LKB Sclniillatlon Products, Loughborouj|h. Leics, UK). Cells 
iso/ated Tronn tonsils either ^s unlractionated B cells or as a 
subpopulation oi 'high buoyant density' norm<il B ceHs (6570 
density by PercoH grz»diem) vvere used as control cell popu- 
lations. ^H-thymrdine incorporation is expressed as stimu- 
lation Index (Si) representing che ratio between c,p,rn. 
obtained in stimulated culture and c.p.m. of unstimulated cul- 
ture of the same cell population. Afl rneasurements were done 
In triplicate and only experiments wiih a mean error deviation 
<5% were accepted, 

^H-thymidme incorporation, cell numbers, viability, cell 
cycle position, and IgM secretion were measured si'muf- 
laneously by culiurlng the leukemic cells in 12-wefl plates at 
2 X lOVml using 5 ml/well for 72 h. Two hundred micnjiiter 
cell suspension was then transferred to 96-microwe(l plates 
and ^H-Ehym(dine incorporation measured in triplicates using 
a 16-h pulse. At 72 h, supernaUfitS were harvested for IgM 
measurements, cells counted, and cell cycle positions ana- 
lyzed- In long-ternn cultures (L 160 and L ISB), cells were kept 
In 12-well plates and fed every fourth day, 



shaker, then washed and lOO/il/well of peroxidas^-conju- 
itated rabbit immunoglobuUn anti-human IgM chains) 
diluted 1 !lOOO in CBS with 0-05% Tween 20 were added. 
After further incubation and washing, an OPO Solution in 
sodium citraie with H^O^ wjjg added as substrate, The reac- 
rion was stopped after 6min with lOOju-l/well of HjSO... 
Absorbance was measured at 492 nm in a spectrophotorneter. 

SBNA^I Staining 

2 y 10** cells, stimulated and harvested at day 4, washed in 
655 were utilized to prepare smears, fixed in methanol/ 
acetone (1/2, v/v) for S min, stored at 4**C ovemighc and 
5(a»*ned with ami EBNA-1 serum, C and an^l-C serum. At 
least SCO cells were counted using a fluorescence microscope 
at a magnification of 500 x. Raji cells were used as a positive 
control (2fl), 

Statistical Analysis 

Mean values of groups were compared using Student's r-CesL 
Stimulation indices were compared using (be Wflcoxon's 
signed rank test. 



Ce/I Cycle Measuremems 

Cells were harvested at different days (see Table 4), washed in 
PBS and fixed with 0.5% paraformaldehyde for 5 mfn, RNAse 
treated (100 U/ml) and stained with proptdium iodide 
(SO MS/ml) in PBS with 0.1% Triton X-TOO (27). After further 
washing in PBS, 10000 cells were analyzed in a FACScan 
flow-cytometer, equipped with a 15 mW, 486 nm, air-cooled 
ar^on laser. Linear PSC and red fluorescence (band pass Vthet 
>650 nm) were used, Data was converted to CONSORT 30 
and analysed wiih the sum of broadened rectangles model 
to obtain numbers and percentages of cells in different cell 
cycle phases. 

/gM Secretion 

Supernatants were harvested and stored at -20*C until tested 
with an ELISA assay. Ninety-six-microwell plates were coated 
with 200 ^I/well of rabbit anti-human IgM (Fc/^, Pharmacia, 
Uppsala, Sweden) diluted 1 :2000 m cold 0.1 m Na^COi at 
pH 9-5 overnight. The wells were further washed with a 0.9% 
NaCt solution containing 0-05% Tween 20, before adtiing 
100 ;ii/well of The standard or test samples diluted in P6S with 
0-05% Tween 20. The plate was incubated for 2 h on a plate 



RESULTS 

ISO f avion of B-CLL Cells 

Sixieen of 34 8-CLL patterns had non- progressive disease at 
test. Ten of these 16 patients were in clinical stage 0, a con- 
dition also classified a$ monoclonal B lymphocytosis of unde- 
termined significance (MLUS) (1,25). Leukemic cells from 
blood were isolated. Almost all cells (9B%) expressed CDS, a 
hall-mark for B-CLL (3) (Table 2). Leukemic cells also 
expressed the pan-B molecule CD19. The iL-2 receptor was 
variably exhibited on ihe leukemic cells and some of these 
cells demonstrated a high-siaining incensiiy for surface IgM 
(data nor shown). No cells expressed the macrophage marker 
Mac-387. 



In Vitro Proliferative Response to SAC, IL-2 and BCGF 

Isolated leukemic cells were stimulated wUh SAC, [L-2, BCGF, 
and combinations of SAC plus IL-2, and SaC plus BCGf] 
respectively, for J days and analyzed for DNa synthesis (Table 
3). Only che leukemic cell population from one of the paiienis 
in the non-progressive group demonstrated a proliferative but 
low response (L 1 50). In the group of patients with progressive 



ii^e 



Table 2 Phcnoty pic Characrerisna of Leukemic Blood Cells of B-CLL Parien«fi in Relation to Dis^sase Activity 
Disease Activity CD19 (%) C02S (%) Igtvt (%) MAC-3e7* (%) 



Non-prograssive disease. 93.0 z 3.3^ 56.0 r 3, i 44.6 z 16.6^ 66 x 20 0 6-^10 

Stage 0 (n 7) . - ^ 

Non-progressive disease. 93.2 £ 0.5'= 96.S s: 1.3 51.2 - 9 4<: 30 3 • 22 n 

Stage ( (n = 4) ~ ^ 

Progressive disease (r):s 13) 97,S- z.s-^ 95.9-4.1 47.2 = 27.3" 30 e - 26 8» 0 3 ;£ o s 

Normals cells (n* 5) 29.2=14.5 94.8 =; 4 - 8.1 69^2:^10^0 06 r 



*ln(ra-cytoplasmatic antigen. 
^Mean SO comparing normal 6 celts. 



p <, 0.001 comparing nornrwii 8 cells. 
p < O.OS comparing normal 8 cells. 
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Tabk 3 


Proliferative Response of Leukemic and Normal 15 Cell* lo SACy JL-2 and BCGF 


Paiienl 




»L-2 




SAC 


SAC + IL-2 


SAC + SCGF 
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Code 
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Inaex) 
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1 
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90 


3 


3 


3 


7 


4 


- 




106 
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1 


4 


10 
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L 71 


2367 


1 


1 


1 


1 


1 




L84 


r *#o 




c 
c 




1 o 






L86 




1 


1 


1 


1 


1 


_ 


L140 


922 


3 


1 


1 


1 


1 




L 167 


1266 


1 


2 


1 


1 


2 




L172 


1741 


1 


1 


1 


1 


1 




L 174 


3€S 


7 


7 


12 


10 


1 


— 


Ld2 


2669 


2 


1 


1 


1 
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LlSO - 


331 


2 


47 


3 


36 


SO 




L 159 


1959 


1 


2 


1 


1 


2 








1 


2 


\ 


1 


3 


mm 


L 170 


593 


1 


1 


1 


3 


1 


- 


L 173 


589 


1 


4 


1 


5 


6 


- 




294 


6 


4 




• 3 


e 






692 


4 


2 


175 


262 


29 




t73 


1307 


1 


2 


100 


88 


94 




L 160 






D 


oi 
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1669 




1 




1 
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L 62 


112 
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4 


423 


606 


1955 


+ ■«-+-»- 


L133 


1046 


1 
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1 


5 
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276 
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20 


26 


241 


30 


-*- + -r 4- 


U 1 9C 


690 


2 
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1 




L TOO 


S16 


1 


1 










L87 


1157 




2 


53 


41 


9 


4.4. 


L 161 


3425 


11 
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10 


22 


6 


>«> 


Lisa 


688 
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2 


50 


61 


60 
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68 


1 


1 


7 


9 


6^a 




LSI 


83 


1 


3 


2 


2 


7 




L69 


1964 


1 


1 


1 


1 


1 




L70 


370 


7 


2 


4 


7 


1 




L 158 


779 


d 


3 


90 


214 


345 




Normal unfractionated B cells 
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5 


134 


43 


125 


236 




High buoyant densicy normal 6 cells 
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2433 z 1393 


1 


1 


1 
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-Scored as - (Si «20). * (Si 20-50), ($1 51-1OO). (SI 101-200). +4-^^ (Sl >200). 



disease, 10/le patients had ceJI populations (56%) which 
responded xo the silmutaiion agents, irt som« c^^es with high 
51 values. All responding patienrs had a proliferative response 
to SAC alone. The responses were often more pronounced in 
the presence of IL-2 and/or low MW BCGF (1 66. L 1 60, L 62, 
L7 4T, 1161, 1162, LI 9. and Li 56). The difference In 
response to SAC stimulation, alone of *r\ CombinalfOri, was 
Statistically significant comparing progressive and non- 
progressive palienrs {p < 0.05). 

In six cases (L 160. L 62. L 141, L 761, L 162, and L 158), 
the responding cells were analysed for CD3, CD5, CD1 9. and 
CD21 exorcss/on after activatiori wUh SaC plus IL-2 (Figure 
1), No cells expressed CD3, Most cells had high expression 
of CDS and C019 and a low expression of CD21. Thus, the 
responding cells seemed to be derived fron> leukemic B-CLL 
cells and not fronn contaminating normal cells. 

In some case5 (L160, L169, L62, Ll41, L1S3, CTS6, 
L T6I and L 15$), stimulated and un$timu/at«d e-CLL celU 



were afso analyzed by changes in cell numbers, cell cycle 
positions, JgM secretion, and thymidine incorporation (Table 
4). The responses were heterogeneous;, (n some non- 
responders (hw ONA-synthesis rate; L 1 69 and L 1 S3), the 
ceds could stiU differentiate and secrete IgM. Populations 
measured as an augmented Sl-value showed also, in some 
cases, an increase in total cell numbers and secreted IgM 
(L160, L14t, and 1161), while in others (162 and L153) 
only the cell numbers were increased but no IgM secretion 
was detected. 

The expression of the EBNA-1 antigen was examined In 
lone-^erm culture of responder cells of patients L 160 and 
L 158, to exclude that the prollferaiive response was depen- 
dent on £6V iransformation. Leukemia B cells and normal 
onfractionated tonsillar B cells were negative hf EBNA-i afrer 
4 days of cufiure (Table 4, data not shown). 
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I. 160 



L 62 X. 141 !• 161 X« 162 I. 158 






CD3 



CD 19 



CD21 



Pluorescance Ziit:eiisity 

FreUfe 1 Cells frgm progressivt B-CH. patients were stimuUted with SaC + IL-2, harvested at day 4 and stain«d wKh ^mibodies (CDX CDS, 
CO 19, Dotted lines r^pr«*rt< the background si&rnmg and sol'd lines the specific Sfaining 



Tablet Protlferqiltgn and OiffereritisdQn in Leukenfiic 0 Cfills Mduced by SAC plus *L'2 Stimulation 



Patient 
Code 



S^imulaiory 
Agents** 



Time" 
(days) 



ONA 

Synihesi$^ 



Cell Cycle 



IqM 

Secretion 









(cp.m.) 


Number 
(xlO*) 


Viability 
{%) 


G1 

{%) 


S 

<%) 


G2 + W 

(%) 


(ng/nn|) 


Lieo 




0 




10.0 


100 










L160 




4 


549 


7,0 


73 










L160 




4 


4€253 


12.0 


96 


51 


44 


5 


7S 


nso 




8 


119256 


12.0 


90 


36 


61 


10 


96 


t160 


4- 




36737 


90 


76 


76 


23 


2 


170 


L160 


X 


20 


1586 


1.0 


44 


76 


14 


10 


210 


Ut69 




0 




10.0 


100 










L169 




4 


3111 


B5 


47 


5 


94 


1 


55 


Lea 




0 




10.0 


100 


97 


2 


1 




Lea 


-1- 


A. 


76700 


16.0 


62 


7 


66 


7 


0 


Ll4i 




0 




10.0 


100 


98 


1 


1 




L141 




4 


116612 


12.5 


63 


23 


72 


a. 


1300 


L153 




0 




10.0 


100 










L153 




4 


1 046 




63 








0 


L163 




4 


1578 


9.0 


46 








16 


L156 




0 




10.0 


100 










L155 




4 


7ee 




73 










L161 




0 




10.0 


100 










L161 




4 


4353 


7.6 


62 








14 


L161 
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27ese 


10.6 


66 








305 


Lise 




0 




10.0 


100 










Lise 




4 


862 


S.O 


83 








0 


L15e 




4 


47509 


15.0 


9S 


69 


11 


20 
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r 


3 


84 768 


21.0 


70 


11 


14 


75 


0 


Li5e 


•*> 


12 


121600 


27.0 


67 


71 


17 


11 


0 


L15& 




20 


15629 


13.0 


46 


70 


19 


11 


0 


Ne 




0 




10.0 


100 


66 


14 


21 




MB 


JL 

t 


4 


149396 


16.0 


62 


28 


66 


7 


so 



NB, Normal un(ractionat©d toneiflsr B ceils. 

"Leukemic 9 cells ^om patients with progresgive disease wdre cultured in \hc abscence (-) or presence of SAC Dius II 9 
Time for nneasuring of DNA ayn(hesls alter mitieiion of cuUgre.^^H-thymiaine Incorporation. h u. <i. 
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DISCUSSION 

Earlier studies have demonstraied ehai leukemic B-CIL ceHs 
migh( respond by DNA synthesis ro a number of differeni sig* 
nais (29). The present study extends (hose findings, showing 
a clear relationship between SAC-induced DNA symhe$i5 and 
disease pcogreasicn. Stimulated leukemic 6 ceils may also dif- 
ferentiate. AJthough almost *ll or the responding teuk«mlc & 
cells derived from the group of pat»en(s with progressive B- 
CLL, about half of the progressive patients had cells not 
responding to the stimulatory agents. The non-responsJve leu- 
kemic celty may prolffecate in response to other signals not 
used in the present stud// or may show a delayed klnetk in 
their responsiveness (30). 

Progressive B-CLL cells responded similarly ^$ normal acti- 
vated 8 cells with regard to SAC, SAC plus and SAC plus 
BCCF stimulation. However, norma! activated B cells also 
responded (o BCCF alone, but not CLL B cells. The cornmer- 
cial BCCF preparation used in the present study is known to 
be contaminated with smafi amounts of ocher cviokines (31) 
which may influence the results. Fournier er aA (32) reporred 
fecentiy that recombinant low MW BCCF might stimulate 0- 
CLL to proliferate and that this factor was also produced by 
(he leukemic cells. The various results may be due to differ- 
ences in the concentrations of BCCF and/or stimulation time. 
The expression of activation molecules between CLL popu- 
fatlons varies a lot (15,33). Thus, cell populations with a cer- 
(ain patiern of aciivatiori molecules might be more prone to 
respond to BCGF^ which may also explain the differences. 

The high proliferative response of 8-CLL cells from K)me 
paclencs widi progressive disease ma/ also be due to an 
aberrant oncogene expression, chromosomal translocation^. 
Of other generic abnormalities that accumulate during disease 
progression (3/34), An increased c-myc expression has be«n 
sho^^n to prime 6-CLL cells to self-renewal, but inhibits difFer- 
entiadon (35). The bcJ-2 oncogene product favouTs B-ceii sur- 
vivai, both /// vi(ro and if) Wv^ [n transgenic mice, but not 
profiferation and differentiation (36,37)* A (oss of tumor sup- 
pressor gene activity has been described in S-CLL, such as 
low expression of the RB protein (36) and p53 mutations (39). 
With re^rd Co p53, only a small number of 8-CLL patients 
have been found to conlain muratlons at 'hot spots' defined 
in solid lumors (40). However^ In a much larger proportion of 
progressive B-CLL patients, increased cellular levels and an 
altered configuration of p53 may be found, using the mono- 
clonal antibody PAb 240 in an ELiSA assay (44), This finding 
may indicate ^sither a post-transcriptional modification of the 
protein, leading to a functional alteration similar to mutation, 
or a compensatory increase fn the wild-type pS3 as a conse- 
quence of a block in later pans of the p53 pathway (41,42). 

Whatever ihe reason for the high proliferative response in 
progressive 6-CLL cells to SaC, ii may be considered in terms 
of sigr^aling, especially as it has earlier been proposed that B- 
CLL ceMs may be under the regulattori of normal T cells 
(14,16), A B-ccK response can either be T'-cell independent or 
dependent, and responding 8 cells may either self-renew or 
undergo terminal differentiation {33,^3}. It might be specu- 
lated that a high self.renewin$ capacity may relate to a rapid 
disease progression. In our rpatcriaf, patient L 155 (Table 4.) 
may be an example of ibis. Several factors may coniribute to 
the response o^ leukemic B cells, One of these can be sig- 
naling (hrough surface (g, by auioamlgens, or peptides pre- 
sented by MHC II molecules to C04 T ceils. Responding T 
cells may provide growth signals to the tumor clone. Other 
diKrwu'ona, iuch yi* ^cnctic or functional aPcrratlon$ m the 

tN vtTfiO PROLfF£BAVON OP f'ftOGRESSIVB fi-ClL 



responding clonal 0-CLL population may further add to ihe 
growth potential of leukemic cells. Studies are needed to 
explore such factors and to identify those of imporT<»nce for 
the disease progression, 
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Abstract Chronic lymphocytic leukemia is a malignant 
disease characterized by clonal expansion of relatively ma- 
ture B-Iymphocytes with a high percentage of cells arrest- 
ed in the nonproliferative Gq/G, cell cycle phase Possibly 
reflecting the clinical heterogeneiiy observed in patients, 
various signaling pathways may become affecteci during 
the initiation and course of this disease. This review dis- 
cusses frequent alterations concerning proliferacive, differ- 
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eni:iaiion-inducing, and apoptotic pathways elucidated in 
the recent years thai have improved our understanding of 
this disease. 
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Introduction 

Chronic lyinphocy tic leukemia (CLL) is a clonal 6 cell 
neoplu.sma of morphologically maiurc. functionally imma- 
ture B cells expressing surface immunoglobulins (slg). It 
is usually churacicri/.cd as an uccumulaiion of malignant B 
cells wiih low proliferative uctiviiy which escape the fuic 
of programmed cell death (PCD; apoptosis) by a varieiy of 
tnechanisms (see below), a variety of chromosomal aber- 
rations have been described which are reviewed in a differ- 
ent contribution to this issue of the Journal of Molevidar 
Medicine (Dohner et ai.) Ic is unknown which, if any, of 
these chromosomal alterations is the initial transforming 
event in CLL- By an unknown mechanism, molecular de- 
fects are likely to induce the constitutive activarion of sev- 
eral transmembrane signaling pathways which regulate the 
differentiation, cell cycle progression, and apoptosis of B 
cells (Tables I, 2). From this point of view, CLL repre- 
sents an attractive model for (he sludy of defective signal- 
ing pathways in 6 cell neoplasms (Fig. I). 
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Fig. J Receptor-mediaietl re- 
sponses in B-CLL cells 
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Factors regulating cell growth and survival of CLL cells 

Cytokines elicit various responses in boih normal and ma- 
lignant lymphocytes that contribute to the regulation of 
survival, differentiation, and apoptosis. 

Factors promoting cell growth 

One of the most imporrani growth factors in CLL is (umor 
necrosis factor~a (TNF-a) (1. 2]. This growth-promoting 
action of TNF-a is counterbalanced by the second messen- 
ger cyclic 3':5'-adeno$inc monophosphate (cAMP) f3]. In 
comparison lo B-monoclonal lymphocytosis of undeter- 
mined significance, CLL cells show a hi«:her proliferative 
re.spon^c' to the combined stimulation with anti-CD^^O 
inonoclona) antibodie,v Sraphylococcus aureus |4[. hi 
addition to u proliferative stimulus via the CD40 receptor, 
costimulacory signals such as the B7 antigen are activated 
by agonistic CD40 monoclonal antibodies or CD40 Ugand 
molecules in CLL [51. Cross-linking with monoclonal an- 
n-GD40 antibodle.N in combination with interleukin (IL) 4 
is also able to induce c-ntry of CLL cells into cell cycle, 
while differentiation into immunoglobulin secretinc; B 
cells is not enhanced, 

/L-2 has the potential to induce IgM synthesis in a syn- 
ergistic manner with 5. aureus strain Cowan 1161. Further- 
more, IL-2 upregulatcs the expression of the TNF receptor 
and secretion of TNF-a, thus rendering CLL cells more 
suiJceptible to the growth promoting effects of this 
cytokine, possibly in an autocrine loop [7]. Inrerestingly, 
IL-2 receptor expression is upregulaied in response to IL- 
10 treatment; while IL-lO alone has been shown to induce 
apoptosis in CLL cells [8], 

/L-7 can induce proliferation of both CLL cells and 
cells from acute leukemias. This stimulatory effect seems 
to be potentiated by lL-2 and TNF-a [9J. 

IL I5 has the potential ro trigger both proliferation and 
immunoglobulin i;ynthesiiJ [lOj. In distinction to normal 



aPO-1 iNft 



IL-5R 



B-lymphocytes. CLL cells elicit this in vitro effect without 
preactivaiion with mitogens or other stimuli. The prolifer- 
ation to IL-15 is dependent on the P (p75) and y (p64) 
chains of the IL-2 receptor, while the specific a chain 
which distinguishes IL-2 and IL-15 receptors seems to be 
less relevant for this function. 



Factors preventing apoptosi.s 

lL-4 is a T cell derived multifunctional cytokine which 
protects CLL celLs from apoprosi,s without a significant ef- 
fect on proliferation. This effect may be due to greater ex- 
pression of (L-4 receptors on CLL cells than on normal 
cells 1 1 1|. Interestingly, it has been reported that the pro- 
tective effect or IL-4 against spontaneous apoptosis is sis>- 
nificijnt only in cells from previously treated CLL pntienis, 
and is nearly absent in CLL ceils from untreated patients 
1121. While tL-4 has only a modest effeci upon the prolir'- 
crative response of CLL cells, ii profoundly inhibits the 
proliferau^'e response to TNF-a. INF-a, and rL-2 1 1 3], 

is a pleioiropic cytokine influencing antigen-spe- 
cific immune responses and inflammatory reactions and is 
an important B cell differentiation factor and T cell activa- 
tion factor IL-6 i.s also the predominant regulator of my- 
eloma cell growth, CLL cells are protected from sponuane- 
ous apoptosis in the presence of IL-6. Moreover, CLL 
cells are capable of secreting lL-6 protem. which is further 
enhanced in the presence of TNF. Increa.sed serum lL-6 
levels have been detected in 27 of 50 cases of CLL, the 
mean level being significantly higher in advanced stages 
of disease [14(. This suggests a potentially relevant 
autocrine loop at least in some patients with proc»re.ssive 
disease [151. 

/L~8 is a chemoattractnni protein thai can specifically 
activate neutrophil granulocytes. A constitutive expression 
of both IL-8 mRNA and IL-B secretion is found in CLL 
116). IL-8 prolongs the survival of resting CLL cells in 
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vnosi of (ho CLise.s studied. The dose nvnge of used in 
this experimeni is cotnparable to che levels of IL-H released 
by CLL cells, indicatini; that the anii-apoptotic aciion is ev- 



ened at physiological doses. After aniibody-Tnediared neu- 
tralization of endogenous IL-8. increased numbers of 
apoptocic cells are derected, suggesting thai TL-8 is another 
auto- or piirucnne survival factor for CLL [ 1 61 

IL'IO induces growth and most notably differentiation 
of normal human B-lyuvphocytes inio immunoglobulin se- 
creting cells and prevents apoptosis of germinal center B 
cells In B-CLL cells IL-IO has been shown to pro- 
mote DNA synthesis and IgM producnon when cells are 
preactivaied with anti-CD40 antibodies [8]. IL-IO syner- 
gizes with IL-2 tor proliferation and differentiation by in- 
creasing high-affinity IL-2 receptors, a phenomenon seen 
on both normal and leukemic B cells. In contrast, in non- 
activated B-CLL cells IL-10 mediated apoptcsis in adose- 
dependeni way [17]. This apoptotic effect Is counteracted 
and overcome by T cell derived cytokines [lL-2. IL-4, in- 
terferon (IFN)-yJ and anti-CD40 stimulation. In normal 
human B cells the effects of IL-10 have been shown to dif- 
fer depending on the stare of acjivacion, while during the 
initial activation of the Ag receptor IL-lO promotes 
apoptoj^is and in a later state differenuaiion (IS]. Mean- 
while there is convincing (Evidence that IL-IO promotes 
cell survival in B-CLL as has been demonstrated in experi- 
ments with fresh tumor samples of CLL patients (in con- 
trast to frozen fsamples with reduced IL-IO binding speci- 
ficities, an apoptotic effect was not seen) [191. This 
observation is funher supported by common signal trans- 
duction events with IFNs which ure known to protect CLL 
cells from PCD. 

IL-13 is a cytokine produced by TH2 helper T ceil 
clones following activation. There is considerable overlap 
concerning the biological activities of IL-4 and lL-13. es- 
pecially with regard to B ceils, iL-13. in contrast to IL-4. 
has no proliferative effect on ;\ctivated T ccll-i. lL-13 Mim- 
II lutes (he growth of normal 6 cells, however, fails lo have 
a similar effect on CLL celLs. Furthermore. IL-I.> protecis 
CLL cells fi'om in vitro spontaneous ap()p((>,sis. The effects 
of IL-13 on neoplastic B cells are slightly less pront)unccd 
than ihosc of IL-4 and occur ind^pendciitly of iho presence 
of lL-4. Whereas IL-2 induces proliferation of CLL colls, 
addition of lL-)3 abrogates this clTcci |2()). 

/W-y inhibits PCD of CLL cells in viiro/ Moreover, sc- 
rum Natnples of CLL patients show increased ^emm lo\cls 
of IFM-y. Since high levels of IFN-7 niRNA are detected in 
T cell depteicd CLL blood samples, and CLL c^ilN contain 
measurable levels of IFN-y rcccpior. it luis been postuhiicd 
that an aucocrine (FN-y lot^p contributes to delaying 
apoptosis [211. 

8a.\'ic ffhfvhkist ^i^rowrh facror (bFGF) is a pleiotropic 
cytokine which seems to delay fludarubine-induccd 
apoptosis in CLL cells capable of producing augmented 
amounts of bFGF 1 221. 

The CD6 antigen is a menibrane glycoprotein and part 
of a large family of proteins, including CD5 and type I 
macrophage scavenger receptor. It binds to the ac;tivu[ed 
leukocyte cell adhesion molecule and is an important 
costimulaiory molecule on T lymphocytes. CD6 is found 
predominantly on mature T cells, thymocytes, and a small 
subpopulation of normal B cells. In contrast, most CLL 
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cells are positive for CD6. Anti-CD6 siimulaiion protects 
against anti-IgM induced apoptosis in CLL [23]. 



Factors .stimulating apoptosis 

[L-5 is a hematopoietic growth factor acting primarily on 
eosinophils. The high-and low-affinity receptors for lL-5 
can be found on all hematopoienc and lymphoid cells. The 
aciion of lL-5 regarding CLL cells is somewhat controver- 
sial at the moment. Prentice and coworkers [24] reported 
that IL-5 increased sponcaneous apoptosis of CLL cells by 
53% after 2 days in culture in all 13 cases studied. This ef- 
fect was specific for CLL cells, since it was not observed 
in normal peripheral blood 8 ceils. The pro-apoptotic ef- 
fect of was counterbalanced by addiuion of IL-4. 

APO-f/Fas antigen (CD95) is as a surface molecule ca- 
pable of transducing apopcocic signals into cells. APO- 
1/Fas ancigen is detectable on the surface of many cell 
lines of myeloid and lymphoid lineage, including normal 
.B cells. In contrast, little or no Pa.s antigen exprcsjiion is 
seen in CLL cells [25 J, Thus CLL cells may acquire resis- 
tance to the apoprotic pathway sdmulated by the Fas 
ligand by down-regulation of the Fas antigen- 
Factors with miscellaneous or contradictory effects 

IFN-a is capable of inhibiting the izrowth of various rumor 
types in vitro and can inhibit especially the proliferation of 
CLL cells in a subpopulation of patients which has been 
ihc subject of a number of clinical iriuls (26-281, In the 
majority of paticnis IFN-a protects CLL cells from PCD 
in viird \29], Those eonfliciint^ in vivi) and in viiro rcsulis 
could be explained by additional regukiu>i-y effects rhiti 
IFN~cx has on other cell types in \iv<), Therefore 1FN-(X 
may reduce ihe number of mulignanL cells by interfering 
with autocrine growth factor loops \M)\. Thus in a given 
pauctu the observed in \ i\yo effects of seMceiive adminis- 
tration of IFN-a might differ from the resiilis in a thera- 
peutic sening and need to be interpreted with caution. 

CLL and tiormai B cells express the receptors for the 
transforming growth facto r-}i (TGF'(3). CLL cell prolifera- 
tion is variably inhibited with addition of TGF-|3. Interest- 
ingly, the level ol-' TGF*(i inhibition is lower in CLL cells 
than that observed in normal B lymphocytes. Furthermore, 
the lower sensitivity of leukemic B cells to TGF-[i is in ac- 
cord with decreased expression of the TGF-p receptors, 
chus underlining the proliferadve advantage for the CLL 
cells (31 1. This is further augmeni:ed by an increased TGF- 
(i (and decreased lL-6) production by leukemic cells and 
stromal cells in CLL patients, resulting in suppression of 
normal bone marrow cells and expansion of the leukemic 
B cell clone (321. In addition, CLL cells sh(?w resistance 
towards the upopiosis-inducing effects of TGF-(J, whereas 
normal B cells exhibit increased apoptosis upon TCiF-(J 
stimulation [ I 1 J. 
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Intracellular signaling 

Signals promoting cell growth 
B cell receptor signaling 

CLL cells are characterized by the expression of the CD5 
antigen and membrane immunoglobulin of IgM or com- 
bined IgM and IgD subtype. The membrane (gs are non- 
covalently associated with a Igot/IgP heierodimcr, also 
called CD79a and CD79b, respectively, thus forming the 
functional B cell recepior (BCR) [33]. The CD79a/b 
heterodimer seems to be essential for the coupling of mig 
to intracellular signaling events resulting in cell cycle pro- 
gression (34|. Activation of some nonreceptor protein ty- 
rosine kinases (PTK) by the BCR is of central importance 
for its biological effects in B cells: the Src-PTK (Lyn. Fyn. 
Blk, Lck) and Syk (35-^11. Signal transduction of the 
BCR is mediated by the immunoreceptor tyrosine-based 
acdvation motif in the cytoplasmic domains of the 
B29/mb-l heterodimer thai are phosphorylared on cridcal 
tyrosine residues resulting in activation of Src and Syk 
family kinases [34, 4-2]. fn CLL cells BCR ligation usually 
results in an increase in intracellular calcium and in cell 
division. This calcium release is decreased in a subset of 
CLL patients expressing marked levels of CDi lb antigen, 
a leukocyte adhesion molecule belonging to the integrin 
superfamily [43]. This defective calcium release is associ- 
ated with changes in the pattern of protein tyrosine phos- 
phorylation of cyiosolic phosphoproreins, including the 
phospltnliintse C-y,. Thus, the p/iosphoinositule path way 
may be disrupted In this subset of CLL at an eurly ^cep be- 
tween suri'ucc Ig receptors and protein tyrosine kinases. 
Whether phospholipase C-y^ which is predominaniiy ex- 
pressed and tyrosinc-pho'^phorylafed upon stimulation in 
normal B lymphocyics is also affected in CLL is unknown 
144). A possible explanation is a defect in 0' pmteifi^ 
whieh block signaling from sig to phospholipase C, result- 
ing in decreased pnHKiction of the second messengers 
inositol 1 .4.S-tr]phosphale and diacylglycerol. thus pre- 
venting activ ation of ihc scrine/thi'eonine protein kinase C 
Altcrnalix'ely. ihc phosphoinositide pathway might be 
disrupted b\ an altered expression of tyrosine phosphatLis- 
cs such lis CD45 1461, 

CLL ceils from a subgroup of patients are unable to 
proliferure after stimulation of the BCR. In this subgroup a 
decreased activity of the BCR-associated PTK complex 
and a diminished expression of 5y^' is detected, while other 
PTKs sueii as Lyn. Blk- Btk, Lck, and Csk are expressed 
similar levels as ihc responsive subtype [47 1. Furthermore, 
the Shc/Grh2 complex as a crucial signal transducer in a 
tyrosine kinase cascade is not formed in this subtype of 
CLL, and consecutive activation steps including the phos- 
phorylatioii of p2 are impaired. This suggests thai the 
RcLs pLifh\^'tiy is important in CLL. similar to the situation 
in multiple myeloma. These observations are of potential 
clinical relevance because BCR-mcdiuted mitogenic re- 
sponses arc correlated with clinical disease progression in 
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CLL [48]. In this context it seems important that a sub- 
«:roup of CLL which is nonresponsive uo IgM antibodies is 
negative for the .surface marker CD38 while the subgroup 
responding to 6CR stimulation by rapid calcium mobiliza- 
tion and apoptosis is CD38 positive (49]. 

Recently Thompson and colleagues [50] showed that 
the loss of surface BCR and defective BGR signaling char- 
acteristic of CLL can be deduced to an aberrant B29 
(CD79b and IgP) expression, which was detected in more 
than 80% of ex^amined CLL samples. Half of these pa- 
tients had highly reduced B29 mRNA levels, and the rest 
showed mutations on the cDNA level, such as point muta- 
tions, insertions, and deletions. The somatic mutations 
were located largely in the B29 transmembrane or cyto- 
plasmic domains; the exact effects of these mutations on 
the signaling cascade are currendy under investigation. In 
summary, aberrant B29 expression leads to loss of surface 
BCR expression and defective signaling, contributing 
probably to prolonged survival and resistance to apoptosis. 

Signaling funher downstream cowards the nucleus via 
various iranscripnon factors has been elucidated in partic- 
ular by studying the effects of TNF-a, which is cue of the 
strongest growth factors in CLL, TNF-a i^ignaling is medi- 
ated by activation of nuclear factor (NF)-kB and the tran- 
scription factor family AP-l [51]. The activation of the 
AP-l complex, which is composed of c-Jun and c-Fos pro- 
teins, is regulated quite differencially. On the one hand, 
signals from growth factor receptors converge via the 
Ras/extracellular signal regulated kinase pathway at a ma- 
jor regulatory element of the promoters of the c-fos and 
other genes, the serum response element, targeting the 
TCF proteins Elk-i and SAP-1 [52]. The other transcrip- 
tion factor, c-iun. is regulated by a family of mitogen-acti- 
vaicd protein kinases distinct from the extracellular signal 
regulated kinases, i.e., the Jun N-ierminal/stress-uctivatod 
protein kinases, which are activated by cxtrucellular sig- 
nals 153). Interestingly, in CLL the two cumponenls nf 
AP'I, i,e,. c-Jun and c-Fo.s proteins, i\re not j;tmerated in 
response to TNR Several delects in ihc induction of c-,lun 
and c-Fos have been found: missing nuclear translocation, 
total absence of c-Jun and C'Fos in the cytoplasm or the 
nucleus, and the induction of only c-Fos (pi'evcniing the 
I'unctional heterodinierii:ution with c-Jun). In contrast, the 
levels of JunD, c-Fos. and Fos-B as members of the AP-1 
factor family are found U) be higher in non.stimulatcd B- 
CLL than in normal B lymphocytes. Ii has been speculated 
that extracellular .signal regulated kinases or Jan N-termi- 
nal/ijtress-activaied protein kinases are activated in the 
unstimulated mulignant cell clone f54]. 

NF-kB seems to be induced by TNF via the reactive 
oxygen intermediate pathway: NF-k3 activation is abol- 
ished by pretreatment of CLL cells with untioKidunts fSi. 
53]. However, the reactive oxygen ii^termadlates involved 
in coupling TNF receptor stimulation to NF-kB need to be 
defined. It has been shown that activation of NF-tcB by 
TNF is a.sj>ociated with phosphorylation and degradation 
of the NF-tcB inhibitor (ItcB) a. which occurs indepen- 
dently of protein kinase C stimulation, while calcium-de- 
pendent pathways synergize with TNF-a at the ievd of 
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IkB degradation [56], An important mediator of Cu-*-de- 
pendent events is calcineuriu, a Ca-"- and calmodulin-de- 
pendent protein phosphatase, and it ii; known that calci- 
neurin can be activated via the CDS receptor molecule, 
which is also abundant in CLL [57, 58]. TNF-a induced 
iKiBa phosphorylation (and consecutive degradation re- 
sulting in NF-kB activadon) is dependent on iKBa protein 
kinases since iKEa degradation can be blocked by nonspe- 
cific protease inhibitors [56], Once iKEa phosporylation 
has been triggered, Ca-'*'-dependent but calcineurin-inde- 
pendent pathways may enhance iKBa proteolysis, the 
Ca^*-dependent protease calpain being one candidate [59, 
60]. Taken together, this suggests that some defects in NF- 
kB activation involving iKiBa protein kinases and proteas- 
es exist in CLL. This is underscored by the observation 
that NF-KB2/p52, a member of the Rel/NF-KB family, is 
consutuiively present in the nucleus of unstimulated CLL 
cells. This could represent a critical preactivation status of 
CLL since it is known that binding of BcU3 to NF- 
KJ32/p52 homed imers results in further transcriptional ac- 
dvation [611. 

Other transcription factors such us i)ref armed NF of ac~ 
tivaied 7 cells (NF-ATp), NF-KB2/p52, and several AP-1 
family members seem to be consdtutively translocated to 
the nucleus and bound to DNA in CLL cells [541. In nor- 
mal B lymphocytei; NF-ATp is located in the cytoplasm 
and is activated by CD40 ligand and lL-4 or by calcium- 
/calmodulin-dependent dephosphorylaiion by calciaeurin. 
resulting in nuclear translocation [62. 63 1. In CLL nuclear 
translocation of NF-AT might result from activation by the 
CD5 receptor since CDS triggers incracellular calcium re- 
lease and activates calcineurin [57 1. U has not yet been de- 
fined whether thii; CD5-iriggered calcium release is sig- 
naled by the PTK Lck in CLL [64. 651. NF-K'B2/p52 \s 
also constitutively present in the nucleus of Lin>irinuhucd 
CLL cells. This could represent a critical preactivation .sta- 
tus of CLL .since it is known thai binding of Bcl-.> u> NF- 
)cB2/p52 homodimers results in further transcriptioiuU ac- 
tivation 1611- 

Another hallmark of CLL involving dysrcgulati()n of 
cranscripcion factors is (he constitutive luiclca]- transloca- 
tion of NF-ATp. a member of the l'an\ily of NF-/\T factor 
1541. This phenomenon is seen in unstimulated B cells 
from CLL patients but not in normal B lymphocytes, 
where the nuclear translocation -and activation of NF-AT 
factors are dependent on calcineurin or ts induced by 
CD40 ligand and lL-'4 [62. S,*?]. This argues that caicineu- 
nn-involved Ca^" signaling pathways resulting in nuclear 
translocation of NF-ATp are preactvvated in B-CLL. In this 
context it is, again, of note that activation of the CD5 re- 
ceptor which is abundant in CLL triggers intracellular cal- 
cium release and stimulates culcineurin. It has not yei been 
determined whether this CD5-tnggered calcium release is 
•signaled by the PTK Lck which is known to play an im- 
portant cole in Ca-+-mediated activation of .Jurkat T cells 
[64, 65]. Interestingly, in malignant B cells (murine B cell 
lymphoma cell line A2()) ic has been i;bown that transcrip- 
tion does not require de novo protein synthesis after TNF- 
a sdmulation, and that calcium tlux alone is sufficient. 
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which is in contrast to the regulation of other gene$, where 
NF-AT proteins play a role. Funhermore all TNF-a NF- 
AT bindiag sites are capable of binding NF-ATp in the ab- 
sence ot' /\P- 1 [66]. 



^2'Adrenergic slgnaUng 

Human lymphocytes bear ^2"^^^^^^^^^^^ binding sites 
whose interaction with catecholamines results in the slim- 
Illation of the enzyme adenylate cyclase via the stimulat- 
ing CTF binding protein, thereby increasing the intracellu- 
lar concentratioa of cAMP [67], This second messenger 
has been shown to enhance the differentiation of both im- 
mature lymphocytes and lymphoiDa cells [68], Interesting- 
ly, plasma, urine, and intracellular cAMP levels are report- 
ed to be decreased in patients with CLL [69]. Both 
adrenergic binding sites and the stimulation of adenylate 
cyclase by catecholamines have been shown to be reduced 
in CLL lymphocytes [70, 71]. The density of both ^^-adr- 
energic receptors and cAMP production upon catechola- 
mine sdmulatlon decreases with disease progression from 
6inet stages A to C [72]. CLL cells showed a reduced re- 
sponsiveness of adenylyl cyclase to forskoUn, mo^it likely 
caused by reduced avaiiabiliiy of functional active a Sub- 
unit of stimulatory G proteins [72, 73], 



Signals preventing cell death 

Apoptosis or PCD is a physiological process that plays a 
pivotal role in the regulation of tissue homeostasis. It is 
characterized morphologically by cell shrinkage, reorgani- 
sation of the cell nucleus, active membrane bicbbing. and 
fragmentation of the cell into membrane enclosed vesicles, 
termed apoptotic bodies [74-79 1. 

Curreru two- or three-step models of apoptosis can be 
summarized as u sequence of evenrs involving an initiadng 
step, a cascade of intracellular signaling steps, and a tlnal 
execution phase [80], Events initiating apoptosis are the 
-stimulanon of spectllc receptors (Fas, TNF) 18L 82]. DNA 
damage [83], ceramide generation f84j, or i>rowth factor 
withdrawal [85], The intracellular signaling or amplifying 
cascade transduces the pro-apoptoiic stimulus via a scries 
of proteases towards one or several parallel downstream 
proteases chat cleave vital substraxes such as poly(ADP-ri- 
bose) polymerase [86), lamins |.iJ7], a-fodrin 185^], actin 
[89]. RB 190. 91). the 70-kDa protein component of the 
Ul-ribonucleoprotein [92], the catalytic subunit of the 
DNA-dependent protein kinase [93], sterol regulatory ele- 
ment binding proteins [94]. and protein kinases [95]. 
These signaling pathways can be modulated by crmA- 
[96] or p35-like inhibitors 197]. Furthermore, a delicate 
balur\ce of homo- and heterodlmers of Bcl-2 family pro- 
teins modulates the pro-apoptoiic signal, either permitting 
or inhibiting the amplifying ca.scade and the final exeou* 
lion phase, including the release of cytochrome C from 
micoohondriiv and the gcneraiion of reactive oxygen spe- 
cies [75]. In the last phase, beyond a yet undefined point 
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of no return, the activation of endonucleases, permeabili- 
zation of membranes and proteolytic processing of sub- 
strates takes place. This picture is complicated by various 
proteins, protein families or signaling pathways that can 
funher modulate an apoptotic response at certain steps by 
activation of transcription (p53, cytokines), interfering 
with the cell cycle machinery (inhibitors of cyciin-depen- 
dent kinases, cytokines) or phosphorylation of imponani 
proteins such as Bcl-2 and Bad (serine/threonine kinases). 



Caspases 

Much evidence has accumulated over the past few years 
that proteases may be the key executioners of PCD. It is 
known from studies of the nematode Caenorhabditis 
eie^ans that a gene termed ced-3 is necessary for timely 
eliminating 131 out of 1089 cells during early morphogen- 
esis (98). The mammalian homologue of ced-3 i.s the JL- 
ip convening enzyme (ICE), a cysteine protease responsi- 
ble for maturation of IL-ip by proteolytic cleavage of an 
inactive 33-kDa IL-lji proen2yme [99]. Several ICE-relal- 
ed proteins have been identified which belong to a contin- 
uously expanding family of ICE-like proteases, now 
termed caspases [100]. Overexpression or activation of 
each caspase is able to confer apoptosis to certain cell 
types. The activation of only a subset of these caspases is 
required in a cell to undergo apoptosis, because apoptotic 
responses can normally occur in null-mice lacking a par- 
ticular caspase gene. Thus, different pro-apoptotic path- 
ways may require only one or a few distinct members of 
the caspase family, depending on the stimulus [101], The 
specific functions or physiological substrates of various 
caspases are still largely unknown. It is possible that casp- 
ases have important physiological roles beyond their pro- 
upoptoiic function, Work on signaling involving the APO- 
l/Fas or TNF receptors has revealed that a coagulation-Iikc 
cascade of proteases confers an apoptotic signal cowards 
cytoplusinic downstream proteases. These execuiioncr- 
protea.ses such as cuspase-3 (CPP32>'Yama/Apopain) 
cleave vital cellular proteins at specific sites (aspartates). 

In CLL cells the proteolytic cleavage of the I 16-kDa 
polyiADP'ribose} polymerase has been studied in patient 
samples after incubation with dexamethasone and 
fludarabine with respect to spontaneous apoptosis, A 85- 
kDa cleavage product resulting from caspase-mediated 
proteolysis was detected in all samples. Moreover, incuba- 
tion of CLL cells with Z-VAD.fmk. a specific inhibitor of 
members of [he caspa.se family, blocked apoptosis in most 
cases [102], These results suggest that CLL cells retain the 
capacity to activate caspases spontaneously and after che- 
motherapy. Further studies are needed, however, to deter- 
mine the precise involvement of individual caspases and to 
search for defects regarding such activation and subse- 
quent substrate degradation. 
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Bcl'2 proiein family 

The bcL-2 gene was iniiiaUy cloned from the t{i4;I8) 
translociitioa breakpoint found in low-grade foUicular 
lymphoma [103], Several Bcl-2 rel^ited proteins share 
three highly conserved regions and can variably form ho- 
mo- and hetercdimers, founding a family of ce!! death reg- 
ulators, and suggesting thai Bcl-2 functions/ at least in 
pan, through protein-protein interactions [75, 104, 1051. 
Overcxpression of BcI-2 has been implicuted with resis- 
Lance lo apopcosis, whereas overexpression of Bcl-2 antag- 
onists, such as Bax. Bad, Bid, and Bcl-x^> is involved in in- 
ducing apoptosi.s [106-1101. This is complicated by the 
fact thai other anti-apoptotic and dimerizing proteins such 
as Bcl-x, and ElB-i9K, Bag, Mcll, AL and Brag have re- 
cently been identified (1 1 1-1 15J. Moreover, the dimeriza- 
tion of Bcl-2 family proteins can be modulated by serine 
phosphorylation of at least two menibers, Bcl-2 and Bad 
{U6, 1 !7]. li h likely that a delicate balance of dimers, 
possibly involving additional, still unidentified proteins, 
regulates the further execution of cell death signals. 

Bd'2 prorein is highly expressed in a variety of lym- 
phomas. Lymphocytes of patients with CLL can have high 
amounts of BcI-2 even in the absence of the t(14;l8) trans- 
location, resulting in a strong resistance towards corticos- 
teroid-induced apopcosis [1IS|. The incidence of hcl-l 
gene rearrangements in CLL appears to be less than 5% 
[119J. The overexpression of Bcl-2 is associated mostly 
with low Apo-l/Fas Ag expression [120J. No statisticully 
jvignificant difference in bcI-2 protein (over-)expression is 
noted between ccUs of patients sensitive or resistant to 
chlorambucil, fludarabine, and 2-chIorodeoxyadcnosinc 
11211- The cause for Bcl-2 overexpression in CLL cells 
may be cuused. at least in part, by a complete deinethyla- 
rion of both copies of the fx7-2 gene, as Aumd in all 20 
cases of CLL studied (!!91. Hypomeihylaiion of a i:onc 
often leads to iipregularit)n of gone expression. In contra.si, 
analysis of lymphoma cell lines that harbor u t(l4; IH) 
showed hypomethylaiion of only one of the two hcl~2 alle- 
les in one of six patients studied and no demethylaiion in 
my of the five lymphoid ceil lines examined. Since Bcl-2 
protein levels were not always correlated with ihc meihy- 
larion status. uddi\ionul mechanisms arc likely co contrib- 
ute [119). 

Vurious cytokines ha^e been shown to rcguhiic 8cl-2 or 
to depend upon Bcl-2 expression to elicit a certain cellular 
rcspon.se. The promotion or prevention of the IL-Ul-medi- 
an^d npoptosis has been found to be correlated wich the ex- 
pression of Bcl-2 1 17, I8|. IL'8 incubation leads to 
upregulation of bcl-l mRNA (161, whereas bFGF 
upregulates Bci-2 protein levels [122]. ConHictinu; results 
have been reported concerning the regulation of Bcl-2 in 
IL-4-trcated CLL cells. Dancescu et ah [123] describe a 
significant induction of Bcl-2 protein in lL-4- treated CLL 
cells compared to unstimulated, hydroconissone-treated, 
and fresh CLL cells, whereas Frankfurt ci aL 1 12] found 
no change in BcI-2 protein level. Whether these discrepan- 
cies merely reflect different experimental conditions needs 
to be determined. 



A new class of chemotherapeutic drugs, the taxans. can 
induce apoptosis by affecting the integrity of microtubules. 
This prevention of polymerization or depolymerization of 
cellular microtubules is associated with phosphorylation of 
Bcl'2, whereas anticancer drugi> merely damaging DNA do 
not. The Bcl-2 phosphorylation seems to depend upon Raf- 
1 activation [124J, Taxans are active in the Gi-M phase of 
the cell cycle, where the reorganization of microtubules 
predominantly occurs. Phosphorylation of bcl-2 in drug- 
treated cancer cells seenms to be restricted to this cell cycle 
phase as well. In accordance, CLL cells, which are blocked 
mostly at Go"Gi, do not show Bcl-2 phosphorylation de- 
vSpite their relative overexpression of this protein [1251, 

Experiments with the topoisomerase I inhibitor 9-ami' 
no-20(s)-camptothecin, and the purine analogue fludarab- 
ine, have revealed a correlation between drug-induced 
upopiosis and the ratio of endogenous levels of Bcl-2 to 
Bax, None to low Bcl-2/Bax ratios are associated with 
drug-sen.sitivicy, compared to CLL cells with intermediate 
to high ratios which are drug-resi stunt ri261. 

Bax upregulation' and Bcl-2 downregulation are also 
found in anci-lgM- and glucocoriicoid-induced upoptocic 
cells, respectively. Furthermore. C£>6 cross-linking down- 
regulated bax mRNA levels in anti-IgM treated cells, re- 
sulting in an increased hci-2/ha,x ratio. CD6 activation also 
prevents bcl-2 mRNA downregulation and apopcosis in- 
duced by glucocorticoid in one of six glucocorticoid-sensi- 
tive patients. Stimulation of CD6 might contribute to CLL 
survival by the modulation of the Bcl-2/6ux ratio S23|. 

p53 

The p53 tumor suppressor gene is ihc most Krcqucnily mu- 
tLUed or deleted gene in human cancers, p^.'^ encodes a iran- 
scripfionui aciivau)r that is dispensable for norma [ cIcN'olop- 
tncni bui is pan of a crucial ccl hilar damage con\n>l 
pathway. Overexpression of wild-iypc p53 into culls ihut 
have lost endogeniHis p5.^ induces api>pu>sis in a nuii^e ol' 
cuhured cell systems |!27, l2N|. p5!^ has been lermcd 
"guardian of the genome" since its predomiaant function is 
to suppress outgrowth ot" gcneticaliy daniaged, hence p<>- 
temiully neoplastic cells. p53 leiramers hind to DNA se- 
quences in the promoters or introns of specific iienes regu- 
huing growth. Such targets include p2 T"^'^"^^"'' M 29. 
an inhibitor of the cyclin-dependeni kinases, ;uid GADD45 
Igrowih nrrcsi and DNA damage), a protein ihai can inhibit 
cell growth by it.seir when overexpressed |13i|. Funhcr- 
more, p53 Increases expression of the pro-apopcodc protein 
Bax in some but not all cell types |132, 133). the insulin- 
like growth factor-binding protein ((34], and the apoptouc 
trigger Fus/Apol [135] and represses BcI-2 f 1361. Present- 
ly ii is not clear how different decrees of DNA danuiize 
may target p53 function towards a eel! cycle aixesi or the 
induction of the apoptocic pathway. To further complicate 
the pictiu'e, p53 can interact with such innportant cellular 
targets such as E2F-L retinoblastoma protein, Wilms tumor 
I protein 1, Dp-L and the Abl tyrosine kinase. 
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Numerous studies have aacmptcd to quantify the ex- 
tend of p53 nuuations in various cuinor eiuities. In B-CLL. 
mmaiions of the p53 gene are found in 1()*-I7% of patients 
examined [121, 137—142]. A few studies have compared 
the response to chemotherapy with the p53 status. These 
data suggest a significantly higher risk of disease progres- 
sion and death in patients with p53 rnutations. In addition, 
the number of padencs achieving ai least partial remission 
is significantly lower with a preexisting p53 mutation 
[(38, 139. 144J. Only one report found no association with 
clinical stage [1401. Resistance to chemotherapy is, how- 
ever, not necessarily related to a p53 gene mutation [121]. 
A multivariate analysis has iihown p53 gene deletion to be 
the strongest prognoj^tic factor in the survival of patients 
treated with purine analogues [141], p53 mutations pre- 
dominate in advanced clinical stages with rather aggres- 
sive disease (Binet stage C) [145]. 

p53 function can be altered not only by mutation or 
gene (chromosome I7q) loss bat also by binding to the 
product of the murine double minute-2 (MDM2) gene, 
thus inhibiting its ability to activate transcription [1461. In 
the absence of p53. mdm2 confers a growth advantage co 
cells and can overcome a G, cell-cycle arrest induced by 
pi 07, a member of the pRb tumor-.suppres«or family 
[147). A recent ^itudy found 28% of patients with B-CLL 
or non-Hodgkin's lymphoma had more than tenfold higher 
levels of MDM2 gene expression than that observed In 
normal B cells. Moreover MDM2 gene overexpres.sion 
has been found more frequently in patients with the low- 
grade type of lymphoma and significantly more frequently 
in patients at advanced clinical stages [l4JJf. Several dis- 
tinct MDM2 proteins have been found in human cell lines. 
In 64% of B-CLL samples the MDM2 proteins p57. p59. 
p67. and p9() have been found to be ovei'ex pressed in vari- 
ous coinbinuLions compared with normal volunteers. The 
MD'VI2 protein p57 was predominancy overexpressed 
53^;r in CLL |I2.i|. Although this \-iudy did not delect a 
siaiisticall} Nignificani correlation of MDM2 protein 
os'erexpression to clinical disease stage and Uisu>ry of pre- 
vious chemotherapy, it did. howes'er, suggest an importunt 
role for MDM2 in the early pathogenesis of CLL that 
needs (uriher evaluation. 



Cyc/i/is 

Cyclins arc proteins being expressed and activated ui cer- 
tain stages in the cell cycle that, in conjunction with 
eye 1 in-dependent kinases and specific inhibitors, reguhue 
the orderly progression through the cell cycle, Ol' the sev- 
eral distinct classes of mammalian cyclins idcnrified so 
far, there is increasing evidence that D-rype cyclins. which 
regulate the transition from Go/Gi to S phase, may play a 
significant role in establishing the jnalignant phenoiypc. It 
has been shown that cyciin Di mRNA is on average fi ve- 
to tenfold overexpressed in most of the CLL samples stud- 
ied, us compared with normal resting B lymphocytes in 
%vhich cyciin mRNA is barely delectable [149|. Trans- 
fection experiments have suggested that cyciin may act 
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more as a survival factor than a proliferation initiator. 
Growth factor withdrawal or induction of differentiation in 
certain ceil types, normally resulting in PCD, does not in- 
duce apoptosis if these cells overexpress cyciin D; protein 
[150j. It has been speculated that CLL cells in early G| 
rather than in a Go phase retain their capacity to respond to 
external signals, and that this thus provides a survival ad- 
vantage compared to quieycent cells [149], 



STATS' 

Comparing factors which exert an anti-apopiotic effect on 
B-CLL as IFN-a. IFN-y, IL-4, IL-6, and IL-IO, it is strik- 
ing that they all involve activation of members of the fami- 
ly of Jiinus kinase and signal transducer and activator of 
transcription (STAT) [52]. Janus kinases associate with the 
cytokine receptors which lack intrinsic kinase activiry and 
activate the STATs as the transcription factor targets on 
specific tyrosine residues. The tyrosine phosphorylation of 
the STaTs allows them to dimerize, translocate lo the nu- 
cleus, and bind specific DNA sequences in the promoters 
of target genes. Funcdonaliy crucial is a differential STAT 
activadon which results in specific DNA binding activities. 
In this context it is important thai acuvation of the IL-IO 
receptor of B-CLL results in phosphorylation of STAT I 
and STAT3 proteins, which is also seen for IFN-a, and is 
similar to IFN-y (STATl) [I9j. Another study has demon- 
strated that the fL-10 receptor has .^Nimilar signaling func- 
tions to the IL-6 receptor including acuvation of STAT J 
and STAT3 [151 1. STAT5. which is activated in T cells af- 
ter IL-2 stimulation, is activated neither by the IL-10 re- 
ceptor or following IL-2 receptor aciivLidon of B-CLLs. 
Taken together, differential activation of STAT! and 
STAT3 proteins seems co be a critical signal event in cell 
survival tor B-CLL cells, Nevertheless, there is no conMi- 
futive tyrosine phosphorylation on any STAT in CLL cells. 
Interestingly. Frank and colleagues 1 152| have reported 
ihai, apart Irom normal B lymphocytes, all CLL patients 
tested had STAT 1 and .STAT3 proteins which were consti- 
tutively phosphorylaied on serine residues 727. Thus the 
serine phosphorylation of these STATs seems to be a spe- 
cific event for CLL, It is thought ihut serine phosphoryla- 
tion which is not suflloieni to activate STATs can auLMnent 
geoe iran.scription induced by tyrosine-phosphorv taicd 
STATs. In this model, signulirig events initiated by 
cytokines such as IL-10 and IFNs are always maxit^ial. and 
that the STAT-mediated responses cannot be further modu- 
lated. Future investigations will focus on the identification 
of the CLL STAT serine kinase(s) which seem to be a cru- 
cial trigger [rx die pathogenesis of" CLL. 

Therapetttir i)nplic;citicms 

Successful treatment of CLL patients with chemotherapy 
may require therapeutic agents that are able co induce 
apoptosis in the (predominantly) resting malignant B ceils. 
This may esplain why such drugs as topoisomerase II in- 
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hibitor and purine analogues which are potent inducers of 
apoptosis in tumor cells are among the most effective cyto- 
static agents in CLL. For example, the preponderant mech- 
anism ol: action of the purine analog tludarabine seems to 
be its capacity to induce apoptosis in CLL cells. This ef- 
fect is enhanced by combinauon with other drugs (cyclo- 
phosphamide, mitoxantrone, copoisonierase II inhibitors) 
which also induce apoptosis or synergize by various mech- 
anisms 1153], 

A different approach is the attempt to drive the CLL cell 
out of its quiescent state. Loxoribine (a 7,8-disubstiiuted 
guanine ribonucleoside immunostimulant) is a new sub- 
stance inducing CLL cells to enter and traverse the cell cy- 
cle, Funhermore, prolonged exposure of CLL cells to lox- 
oribine frequendy leads to progression of the responsive 
cells to apoptosis. This ability to induce cell cycle entry of 
OTherwise Gq/Gi anrested cells could render them more ^sen- 
sicive to conventional cytotoxic therapy [154, 155]. 

Identification of specific defects in CLL cell signaling 
such as the recent finding of constitutive phosphorylation 
of STATs could open new therapeutic targets such us spe- 
cific inhibitors of the putative STAT serine kinases, ulti- 
mately leading to new treatment opdons [I52J. 

Clearly, more research is needed to define new mecha- 
nisms of survival and growth of CLL cells in order to de- 
velop more specific treatment modalities which target the 
molecular events of ieukemogenesis. 
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BFR 


No. of OcVmin^ 


volumft {% BVyTV) 


((Aifl'/^jirrt'/day) 


of bone furftice 








13.4 i 1.4 




13.7 ± 1.2 


1S.S ± T.4* (+39) 


ND 


11.6 ± 1.4 (-15) 




ND 


7.5 d: 1-3* (-45) 


Ef^efiment Z 






6.9 ± .87 


0.6 ± 0.1 


8 ±0.2 


ae±,4i (+25) 


ND 


ISID 


13.4 ±2* (+94) 


1-z ±.n(ioo*) 


7 ±03 (-12.5) 








4.6 3:0.50 


0.151 ±0.01 


12±ai 


9 ± 0.8* (+96) 


0.196 i.OZI* (30) 


03iai(-25) 


ae £ 0.9* (+B7) 


0.229 ± .034" (52) 
0.226 ± .025* (SI) 


0.76 ± -06" (-33) 


£0 ± 1.9* (+34a) 


0,64- ±0.15 (-30) 



Ttblt 2. Effects of simwtatin «o tr«b«cul»r &«nt v«>lum« vxA bone formation i-at4i, Sim^«$t4tin v^s 
givQn in d(?SQ$ o'^ 5 to SO nig/kg/d»ir by oral (Ravage ^or 35 days to (i) 3-month-oW virgin femaie rats 
(experiment 1). (Ti) 3-month-oUf vir^n female rdts that hid betrt efvarifcCtOrtlkeii within 7 d^y* afttt' the 
jtart of treatment («xpefiment 2), and (III) ^-ir^onth-old virgin fern^Ie rats that had been cv^rlectomized 
2 months before treatment (e^iperiment 3). fn each eKperiment. the rats were weight matched and 
divided into treatment ^ups Df 10. Th6 Mts wt/« liglMly an6Sth«tized svlth isofluofant bttwt 
cvarlectomy. Animals were pair fed throughout the experimental period and body vjeig^ts were 
determined weekly. Values in parenthe££f$ ar6 p^rc&it (ihdngfi fr^m vehicle-treated COntraU. BV/TV, bohe 
volur"«Afs5ue volume: Oct, osteoclasts; &FR. bone formation rate; OV>£/veh, ovariectomized rats treated 
with vehicle: hPTH. human PTH; ND. not detemlirtftti. 



Treatment 



Control 

Simvastatin (10 fr^g^^day) 
hFCM (100 iig/k&'day) 

OVWveh 

Sfmvutatin (1 mg/Kg/day) 
Simvastatin (10 mg/fe^day) 

OWveh 

Simvastatin (S m^kg/day) 
Simvastatin (10 mg/kg/day) 
hPTH ffiO fi^fe$/day) 

''SgrtifiiartCiy greater than ^Antral (P < O.OT). 

With this process may lead to osteoclast apt^ 
ptosis sind iSd^^i^Tion of bittft resorption {IS, 
20), We cannot exclude the possibility thax 
ihc statins both inhibit bone resorption and 
promote bone growth^ and we did observe a 
concomitant docccasc in o&tfiOOl^SE numbers 
(Table 2). However,^ this effect appeared mi- 
nor in c^mpaiisoi) TO the effect an new bone 
formation and osreoblast maturation. 

The $t^tin$ u$ed in our snidies and cur- 
rently on the market arc not ideal for use 
AH ^y^tibmic bone-Aclivatlon agents. These 
statins were selected for ihcir capacity to 
lower serum cholesterol^ which requires 
cArgcting to HMG Co-A reductase in hepat- 
ic cells. Thus, the concentration of statin in 
other tissues is much lower than in the 
liver The most efficacious statins would be 
thgi^c that di3tnbutc themselves to the hone 
or bone marrow. A preliminary retrospec- 
tive analysis of older women taking lipid- 
lowering agents suggests that statin use is 
accompanied by greater hip bone n>ir>cral 
density and lower risk of hip fractures (rel- 
ative risk — 0.30) (.?/); however, the sam- 
ple size (598 statin users) was too small to 
yield definitive information. 

The most powerftil anabolic agents for 
bone are ihe peptide growth factors intrinsic 
to the tissue. For example, isystemically ad- 
ministered FGF-l restores trabecular micro- 
Hrohitootuit ^d inercases bone volume 
However, all of the peptide growth facior^ 
have disadvantsgcs — thtsy can be mito^eftic 
to other boR« cells and nonselective in their 
effects- Tn addition, the FGFa cause hypoten- 
sion, which limits their potential use in elder- 
ly patients (22). 

Out results surest that siatina, which are 



orally bioavailablc and have been safely ad- 
ministered to patients for more than a decade, 
may merit Hnthcr inve$tij§ation a.<\ potential 
anabolic agents for bone. When the doses are 
extrapolated from humans to rats with respect 
to lipid lowering, the statins' effects on bone 
occur at doses similar to the lipid-Iowering 
doses used in humans. 
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Requirement for B Cell Linker Protein 
(BLNK) In B Cell Development 

RaUta Pappu.^'* Alec Mr Cheng. "^'^'^ Btn U,^ *^ Qran Cong/ 
Chris Chlu.^'* Nancy Griffin,^ ** Mike Whit*,^-^ 
BjiiTy P. 3lecknian,'*'^ Andrew C» Chsn"*'**'^* 

Linker protein; Function a? molacular' scaffolds to loc^Ux^ ensymes with sub- 
strates. In B cells, B cell Unker protein (BLNK) links the B cell i^ceptor (BC(t}» 
activated Sylc kinase to the phosphoinositide and mitogen*activated kinase 
pathways. To iftjcamine th& in vivo rale of BLNK, mice deFiuient in BLNK Yf ere 
generated, B cell development in QLNK"'^ mice was blocked at the transition 
from B2Z0'*'CD43"*' progenitor B to B£20"**CD43" precursor B cells. OMy a small 
percentage of immunoglobulin M " (fgM* but not mature IgM'^lgty*^, B cells 
were detected In the periphery. Hence. BLNK is an essential component of flCR 
$ig:nating pathways and is required to promote 6 cell development. 



Engagement of the BCR activates distinct 
families of cytoplasmic protein tyro&inc ki- 
nases (PTKs) to phosphoiylate enzymes that 
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are required for the generation of second 
messengers (J). In turn, the coordinate gen- 
eration of second messengers is important for 
normal B cell ftmction because disruption of 
selected signaling pathways is associated 
with B cell anergy (2). Linker or adapter 
molecules play iniegral roles in liiiking the 
DCR-activated FTKs with thesse eniymes. 
One Such linker molecule, BLWRl (also 
known as SLP-65, BASH, and BCA), is phos- 
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phorylated by Syk after BCR activation and 
interacts with eiuymcs, including phospho- 
lipase C~y, Bruton's ryrosine kinase, 
Vav (a guanine rtucleotitfi? exchanger for the 
Rho-GTPases), as well as rhe Orhl and Ntfc 
linker proteins (3-5). An essential rplp for 
BLJ^K in BCR activation was demonstrateti 
in A chiqkwi fiJ^C"^" DT40 cell line th&t 
cannot increase rhe intr^ocUulai calcium con- 
ccntretion ([Ca^*];) or e£5cieiic)y activate the 
firk-, »nd p38-mcdiated signaling path- 
ways (6), 

To better define the expressioA patttm of 
BLt^K, we devftJflpcd m intrawUular fluo- 
rescence-activated cell sorting (FACS) stain- 
ing asifay for BLNK. Consistent with earlier 
reports {S, J), BLNK expression wa$ detesctcd 
in peripheraJ but ngt T, lymphocytes (7) 
(Fig. 1 A)* Analysis of bone jnafrow-dfcrivcd 
cells showed the highest BLNK expression in 
ft^rly development, with progressively lower 



exprtfifiion during fl cell maturation {7, S) 
(Fig. IB), Hence, BLNK is expressed 
throughout B cell ontogeny and sui^ge&is a 
potential rob for BLNK in D cell dcvcJop- 
Tncnt, maturation, or fimotionr 

To iftve&tigistc the in vivo role of BLNK, 
we undertook a gene-targeting approach to 
generate and ajiolyas Sl]^K "^~ mutant mice. 
Because BLNK is a substrate of Syk and 
sytr^' mice hemoirhagc extensively in utero 
die during the perinatal period 9\ we 
were tonccmcd that BLNK'^~ mice might 
suffer a similar fate. In addition, gene Target- 
ing of the BLNK homolog, SLP-76, reftult$ in 
mice that die from hemorrhage caused by n 
defect in polkgcn-induced platelet aggrcga- 
cion (10). To circumvent the embryonic le- 
thality that may be encountered in gem line 
knockout mice, we also mcd the ^02"^' 
blastocyst complcmentarion system ro as^ay 
for BLNK function in lymphoeytcs (J J). The 



Ffg. 1, E>:pression of 
BLNK in lymphocyte 
developmtht (A) ai^K 
is expres&ed in murine 
B. but not T, cells, CD3* 
(left panei) or ezzo"*^ 
(Hg^ panel) splenocytes 
fsolatBd ft^ C57Bi/e 
mtce were analyzed 
by intracellular s:t9in- 
ing with an antiserum 
to BLNK (shadowed ar- 
e^i) or prelmmunt ss- 
njm (solid line) (7), (B) 
BiMK expression during 
mudrM B cell develop- 
ment Bene marrow- 
derived oeUs [soidfeed 
*Tom CS7BL/6 m(ce 
were analyzed with 
fowr-color FACS anal- 
ysis (B). Cells stained 
for ^ZZO, IgM, and 
t;p43 (teft panel) or for 
IgM, and IgD 
(fight pond) vrtnt 
anatyziM as devribed 
abov^ E^c^ develof^ 
marrtai subset — MZO'*' 
CiW-^IgM" (pro-BoellSi 
Rl). &220**aD43-IgM" 
(pre-B ceUsT ft2), B2M^ 
IgN"^ feO" (iinmatiffe B 
oefls; R3), and tezo* 
Igf^"'!^ (mature B 
oeUji R4)— anialyzad 
fi>r0LNK«presslon(7). 
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data presented here reptesent anises irom 
both approaches. 

Disruption afSlMK was accompIisheKl by 
a targetBd miitaiion of exon I, which encodes 
amiuQ acids I through 60, including the ini- 
tiation codon {J2) (Fig. 2A}. For RA<j2~^' 
blastcfcyfjt oompIementatioTi, the: BlNiC^ al- 
lele in the BLNK^^" embryonic stem (ES) 
clone was fiirthw targeted widi a puromycin 
selection cassecte to generate SLNK"^~ ES 
cells (13) (Fig, 2B). To generate germ line 
mutant mice, Bl}^K^^~ £S cells were inject- 
ed into B6 blastocyfftfi to yield chimerae th^t 
were then crossed with wild-type 136 mice to 
generate SINK'^^~ germ line mutants. The 
genotypes of the mature oflTsprin^ from such 
crosscfS oceurrcd at the expected Mcndclian 
ratios and the BINK'^" mutation did not 
irtcur any embryonic or peiinutal lethality 
{14)> Furthermore, mature BLSiC'^" mice 
were heahhy under specific pathogen-free 
conditions and did not display any evidence 
of groits hemorrhaging (7^). To evaluate the 
dcveiopmental potential of BWK"^" ES 
cells, wc also injected these cells into 
blasrocysc* tq generate chimerae 
{RIMINK"''^) for direcT analysis (/J)- 

To assess the efTcet of the mutation on 
BLNK expression^ we iiuicd the Ly 9.1 sur- 
face marker to di&tingiiish between bone mar- 
row cells derived ftom tiie RAG 2~^~ blasto- 
cyst (Ly 9 J -) and the BINK'^' ES cells (Ly 
9. 1 +) {Uy Whereas the BZaO-^-Ly 9.1+ cells 
from wiJd-typc 129 mice and B220'*"Ly9,l"' 
cells from RAG2~'^' mice expressed BLNK 
(Fig. 2D, left two bottom panelsX no BLNK 
was detected in the B220"*'Ly9 J' oells iso- 
lated from the R2:BJLNJC''^~ chimerae, as 
assessed by intracellular $tftiniTjg (Fig. 2D, 
bottom rj^t panel). Similar to the results 
from the R2:BLNK-^^ thiiTjeT^e, no BLNK 
protein was dtstccted in cell lysaws of total 
bone marrow from gerrnlinc BU^K"*" mice 
(J 7) (Fig. 2B). 

The effects of BLNK deficiency on lym- 
phocyte djevelopmcnt in vivo was examined 
by analyzing cells isolated from primaiy and 
secondary lymphoid organs. Consistent with 
The absence of BLNK expression in T cells, T 
cell number, development, and function were 
normal in boih B1J^K~^~ germ line and Rl: 
BLNfC^'' chimeric twiw {M. J8'~20), Id con- 
traist, an --65% reduction in splenocyie num- 
ber was found in BLNK"^"" rnicc as compared 
ro BLNK^''^ mice (75). Because the 

development and fiinotiodi of peripheral T 
cells were normal (/< 7^), we further inves- 
tigated the nature of thi$ defect by analyzing 
the B cell compartment in piimaiy and sec- 
en daiy lymphoid organs. Although the TJpm- 
bers of cells recovertd Ironi die bone marrow 
oTBLNK^^-^ and BLMK~^~ mice were simi- 
lar (753, bone marrow cells from Bl^K"^'^ 
fierm line and Rl^BLNK"^^ chimene mice 
displayed a profound block in B cell dcvel- 



1950 3 DECEMBER 1999 VOL 2fl6 SCIENCE wwwj5ciencemag.org 

Received from < 415 39S 32S0 > at 11/8701 5:3S:26 PM [Eastern Standard Time] 



■ NOV, 8, 200 1 2; 35PM FLEHR HOHBACH TEST 



MO. 9026 P. 21/26 



Reports 



opment. BLUK''^^ mice accumulatBd. 
BZSO-^CrwJ^ progenitor B cdls (prp-B cells) 
(21) (Fi$. 3A). Cgnsisicnt wich the presence of 
pro-B cells, the levels of V^j to DJ„ recombi- 
nation wtrt compmble in SWK^^'^ flJdd 
BINK"*" bone nwrtjvw^ derived cells {14). 
BlNfC"- mice had CE)43-^ pm-B cells but 
felled to develop B2acy"'CD43" B cells, al- 
thou^ a small percentage of B210"^CI>43" B 
ceils was present (10.0 ± B,7% for BlNK'^' 
versus 44.4 ± J 4% for BLNK*-^- -^-^^ < 
0,001, w = 11) (56) (Fig; 3 A). Because the 
traiAsiticii frpm iJic CD43 " to 0043" stage is 
nOnnaXly associated with a decreei&e in cell 
as measured by thft fiwwjjid scatter value (5), 
the B220'"C]643'' B cells isolated ftirn 
BLNK~^~ mice iwiaincd laigc, in contrast to 
tijc smaller B220"*'CD43~ B cdly from 
BLNK^'' iTiiw (7-^). In addition, the SLNJC^" 
bone marrow (S linea^) cells iSiilcd to progress 
efficiently ftonn (he immaTure B22Q'ngM"' (im- 
mtmoglobvilm M, IgM) scagc to transliioiial 
B220''»lgM*^ or matuie B220'''JgM'^ stages 
(1 .3% ± 0.9*/d in BLNK^^~ mice for the lattej" 
two stages versus 1 3. 1 ± 5 in J^INIC^^ 
mice, P < 0,001, « = 10> (20) (H^. 3A). The 
small pefceniflge of IgM*^ bone mairow B cells 



that develop in BINK~* mice express a ma- 
ture sur&ctf BCR because many are ^J^q TgK"^ 

Analysis of splenocytes revealed a sub- 
stantial decrease in the -numbers of IjgM"^ 
periphei^l B wUs (2.4 ± 2.6% for BINK '^' 
versus 30.7 - 6.2% for BINK-*-^* ^•*-f~^P< 
O.OOl, n ^ \0) (29) (Fig. 3B). As in the 
bone marrow, the few BINK'^" IgM* H 
cells fourd in the spleen were also larger in 
siac than IgM^ SINX"^'^ B cells (iV). Con- 
comitartt with the profound decrease in pe- 
ripheral B cells in the spleen, TgM"*" B cells 
were also reduced in the lymph node (Fig. 
3C). Hence, the absence of BLNK results in & 
dcvdopm<;nral block ih&t l«9t^ to reduced 
nuitibers of IgM"^ cells in the peripheiy. Old- 
er ^INK"^- mice to 13 weeks old) 
showed increased numbers of B22f?+lgM^ B 
cells 1(1.4 2: 1.2) X 10*' B2lO*hU* cells, 
» - a} as compared to younger BLNK"'^" 
mite [3 to « weeks old,' ± 0.31) X I0^ 
F < 0.001, R « 9]. In apitc of this accumu- 
ISiTion, these older SLNK~'''~ mice $iiH h&ve 
more than 10 limes fewer IgM"*" B 
een$ Chan their age-matched i?LWr+'+ 
counterparts [(19 ± 6 J) X 10^ B22C"lgM" 



cells in older Bim^^* mice, « - 6, 
versus (1.4 ± 1,2) X 10® B220*IgM* cells 
in older jSiJVK"''"" mice, I* < 0.001, « = $J 

Analysis for mature B cells revealed 
marked redaction of B220*^TgM'" ceUs 
(<1^) in the bone marrow of yotift;^ and old 
BLNK-^- mice (Fig. 3A) {}4y Mature 
W^][gD*" cells were similarly reduced (< 1%) 
in the penphcry of young and old BLNIC^" 
mice (Fig, 4, A and B). Staining with CDU 
revealed the presenoc of CD2I'*"IgM*** T2 trfm- 
sitional B ccJIs and a reduction of CD2 1 '^IgM^*' 
rtiahms B cells (<!%) in BLNK"^' mice (22) 
(Pig. 4B>. Consistent with the decreiise b ma- 
ftirft B cells, &crum Ig in older BLNK"^" mice 
was significantly ttdwcd as corapared to die 
iutiottnt in wild-type ttiice (25) (Fig. AC). 

The BLNK^^~ B cells that accumulated in 
the periphery of older mice further revealed a 
matui-ation defect in these cells. In contra&t to 
BLNK'^^^ mice, in which transitional 
B220+IgM'"'-5gD'*- B cells develop into ma- 
ture B220^'l£M^"IgD''' B ceils, and in coit- 
tf£i£t 10 the £ ceils that accumulate in ihc 
'K5^^~ mice {24), BI^K^*' splenic B cells 
aitt larger in size and express hi^er mem* 
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fig. 2. Gerteratron of BLNK'^" nuice, (A) TBi^eting of biNK. The gBnomic 
structure »urroundmg exon ^ of BINK (top), the targeting construct 
(middle), and the targeted allele (bottom) are dtpicted (i2), Ewpn i 
includes ^mino acids 1 through 60 of the BLNK coding region. Th* 
correctly integrated construct converts the 14-kb wild type into ?- and 
4.6-kb fra^ni^i^t^ vih&n detected with the 5' and 3' probes, respectively, 
A OFP cDNA was also inserted into the targeting wnstrua However, CFP 
fluorescence was not detected in BLNK"^^' splenoiytes gr bone marrow- 
derived cells, which was Likely caused by transcriptional sUendn| of GPP 
bythe PCK-neo cassette (9) Targeting of the second flC/V*: allele. The 
genomic structure surrounding exon 1 of BLNK (top), the targeting con- 
struct (middle), and the tat^eted allele (bottom) ar© depicted {13], The 
corrfrrtly integratsd cqn^ma converts the remalnfng I4*kb wild type into 
9- and 43-Kb fragments when detected with the 5' and 3' probes, 
respectively- (C) Southern (DMA) blot analysis of BLNK^^^, QLNK^*~, and 
&lNK'-^~ mj(-e. Bam HI- digested tall DMA was separated by electrophore- 
sis and hybrld?zed with the s*" prol)? detect the wild-type and nnutant 
fragments (f^J, Blotting with th« 3' probe elso revealed the predicted 
mutant 4,8-lcb fragment in blmk'"^^ and blnK'*" mice {14\. (D) Absertce 

of BL/IJC protein in RACZ"'' chimeric mice. 6220"^ bone marn?w cells from 129 wild-type (LyS.T^; left panels), RACZ~^~ (Ly9.l"; middle panels), or 
RZ:&iNK'^~ chtrttfiric (LyS.T^: right panels) mice were analyzed by (ntcacelLubr staining for BLNK as described in Fig. 1A (7). (E) Absence of BLNK 
protein in BLNK"^" bone man-gw^derived cells. &one marrow- derived c*Us from germ line $l.NK*^~ (lane 1) and BLNiC"^" (lane 2) littermates were 
immunoblotted with an antiserum to &LNK [l^). Equal loading of cell lysates was confirmed by irnrnunoWotting with an antiserum to actin (Sijgma) 
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branc IgM (Fig. 4B) 04). Thesfi IgM*" cells 
may reprtsSftnt B cells that have matured 
thnsiAgh (he pro- to precursor B M (pit-B 
cell) transitian but ^t? blocked in IgM signal- 
ing md, therefore accumulate as lar^e IgM^* 
cells. Alternatively, these cells may result 
ftqtm a selection bias in which B cells cm 



bypass the absencfi of BLNK by increasing 
membra^nC cKpression and decreasing the 
signaling tlireshold. As CD4S~^~ immaturo 
B cells ekprc3smg a transecnic BCR can be 
rescued ftoin death by chronic esposurc to 
antijgen (25)^ heightcneii BCR signaling may 
bypass iJie requirement far CD43. Sinwlarly. 



F*j, 3. B cell develop- 
ment ]nStNk^^' mice. 
C«lls isolated nrom 

hcm^ maiTpw (A), 
spt«en and lymph 
nodes (Cj of 3- to 
5-weefc-olo animals 
were stained wrth the 
antibodies Indicated fn 
each figure and 3na- 
Ivied by FACS analysis 
(Zl). Data from both 
RZ:BLNfr^~' chimeric 
{left two panels for (A) 
through (C)] ahd germ 
line {nghi: two panels 
for [aJ through (c)] 
miw ?re shewn. In tiie 
RAC2^'- blastotyst 
compiemenitatiDn as- 
say, 129 wild-type and 
RAC2~^~ age-matchftd 
nif(& were analyzed In 
parallel as controb 
{14), No differences 
vvert dtttcttd between 
BU^K^^-^ and BINK^'- 
mice [14). The pfttttnt* 
a^es of g9ted cells are 
Indit^fid. These 9n$(y- 
ses were representative 
of » minimum of fN^e 
pairs ewh of RACS^^" 
chimeric and genrn tine 
anfmals. Experiments 
from both approach^ 
produced stnullar rt- 
suits, (o) Peritoneal 
cells JsotatlM hrDm to 
13-week-old mice were 
stained wrth the anti- 
bodtes indicated and 
ar^tyzed by FACS anal- 
ysis (-?7J, Celt recover- 
ies were comparable in 
yield from &U^K^f~ 
and BlMfT'" mice 
[4.SX 1Q*fijratW<"^'~ 
and (3.2 a: 0.6) X 10^ 
for BlMK'^"- mice, p = 
5]. 
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BLWK dcjRcicncy may abolish developmi?nt 
and result in the death of ntost B ceUs, except 
those that esipress very large amounts of IgM, 
which partially compensates fbr the signaling 
defect incurred by BLNK deficiency. The 
l^W*"^ BCNK"-^" B cells couIcJ increase free 
cytoplasmic calcjvm after BCR cioss-Imldng, 
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albeit la^s efficiently thiaij wild-type Ci\)s, 
despite expressing 10- to 50-fol4 more mem- 
brane I^M than BLNK'*^^ B ceUs (26) (Fig. 
4D). In addition, BLNK"^- B cells pIso up- 
regulate CD69 and CDS6 cell surface activa- 
tion maikers after BCR oross-linfcing Q7) 
(Fig, 4E). Hence, these large IjgM"*""^ 
3LNK^*~ B cells arc capable of some BCR- 
mediated signaling fimi^tion^. 

Wc also analyzed the develDprnent of a 
distinct sub^t ofB celts known as B-la cells. 
Those cells are distin^shed firotn convesitiional 
B-2 cells by (heir exprtssion of CDS and their 
capacity for self-renewal Whereas 
BLNJC and BUNK*-'' mic* had comparable 
numbcis of peritoneal cells, BLNK'^^~ mice 
had a substantial decrease in the CD5**'I^M* 
B-U B cell population (<1%) in the peritone* 
\Bn in youn^ and old mic* (Fig. 3D) {14). In 
addition, CDS-COUb-+*I$M+ B-Ib B cells 
wcxc also absent (<0.5%) in the peritoneum 
and aie spleen of BINKT^' mice {K 29). 
Hence, JSLNK. is also required for developmem 
ofB-I cells. 



Because signals fvQm both the pre-6 and 
IgM BCKa ^ Tequircd for noimal B ceD de- 
velopment (X 30}^ these erudiss showed the 
critical role of BLNK in tiie developmeni of 
IgM* cclU. Similar to syk"^" mice (^), the 
abseiice of BLNK also comprondises pre-BCR 
iunction la afFctit the development of 
B220**CD43- B cells i}iat, in tuni, Unoit their 
diffisrentiaaoii intci WXl^l^* B cells in the 
bone marrow. As a result, few B cells are 
present in the pcriphciy. However, whsreas the 
igM* 0 cells That develop in syk'^" mice 
express Tirde membrnw IgM {9), the B cells 
that atjcwnolate in BLNK"^' mice expicss 
large amounts of membninc; IgM (Fig. 4B). 
This dilfcrcnec suggests tliat additional sub- 
strates of Syk might exist to partially transduce 
pre-BCR signsils in the absence of BLNK. In 
accordance with this, the IgM"""^ B cells that 
AfOvurwilatc in the periphery of older SIMK~^~' 
mice can gcnt^rate second messengers after 
BCR activation. Additional studies aiined at 
comparing syk^'^~ and BLNK~^'' mice will be 
required to assess fhit; possibility. 



Finally, the developnKsntal block at the pro- 
10 pre-B cell tfan^iiion observed in a BLNK- 
deficient patiifnt is similar, though not idcntieal, 
to the phcnotype observ^ in BU^KT^^ mice 
{31). Althowj^ IgM*" B cells aocuittulau? ip the 
pcriphay of BLNK~*' nwcc, no peripheral B 
cells were detected in this sdirit patient Similar 
discordartce m phenotypes has been obseivifd in 
immmodeficiencies ittvolvrng Btk and in 
which ihe hvman phenotype appears to be more 
severe than the murine phcnotype {$2), These 
differences may reflect a greater dependtnttb on 
prt-BCR ftjnotion in human B ocH develop- 
ment, a species-specific difJbfwicc in the regu- 
lation of si^aJing molecules that dictate toti- 
varion thresholds, or both. Swh speeies-spccif- 
ic differences have been observed in T cell 
devdopmcnt in which Syk i& «)Orc highly ck- 
pressed in d&veloping human CD4"*' T cell$ 
than ui murine T tell$ ancl may provide 
a mecbanisan to erxplain the phenttypio dif5R?r- 
ences obseived between ZAl'-70- deficient 
mice wkI humana (35). Additional investigation 
is required to detcmnne whether speciea-specif- 
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Fig. 4, Deere a£ed 

matunaition of B cell 
de^^elopment and 

function In BLNK"*- 
mice, (A) Splenocytes 
Isolated from 3- to 
5-week-qW WW#C-^'+ 
or flLWX-'- mice 
were analyzed by 
FACS staining for IgM 
and 1^ {11}, (B) 
Splentjcytesfrom old- 
er BlNK^f^ or 
BLNK-*' mict (S to 
13 weeks old) were 
stalri«d with the anti- 
bodies indicated In 
e^ch figure and ana- 
lyzed by FACS analy- 
sis (2?)- The percsnt- 
ages of ^ated cells are 
indicated. Bif^lC^~ 
spleen^ w^re- reduced 
in cetl number by 
^1Q% us compared 
to BlNK^f^ spleens 
(?< 7S) (ste tesrt for 
absolute numbers of 
celU recovered). (C) 
Serum imnriunoglqibi;- 
lin levels of 8- to 13- 
WMk*old wild-type, 
germ Une BLNK~^~ 
and f^ZiStf^ff^-^ mice 
were determined by 
ELISA (IB). Each dia- 
mond represent^; the 
value derived from an 
individual mouse. The 
blactc bar denotes the 

mean of each group. (D) 6250"^ a cells from older BLNK'^*'^ (solid Une) splcnoi:ytes: square, BiNK'^" splenocytes. (E) BZZO'^ B cells from 
and eiNK"^" (dotted line) mice were analyzed by FACS analysb for older BLNK'^^'^ (top) and BLNK~^^ (bottom) mice were analy:f?6 by 
increases in [Ca**], after RCR cross-linking with gntibody to IgM F(ab')> fACS analysis for up-r$gul9tion of CD69 and CDQS expression after 
fragments (20 and 40 >Lg/ml) {Z6). Antibody to /gM F(ab')j was added BCR cro^s-lirtfcing (27). The dotted Une represents cells treated with 
at ttme 0 at the indicated coneentratJons. lonomytin wa? added 9t 5 media. The solid line represents cells treated with antibody to IgM 
mln to ensure proper loading of cells with FliJo-4. Diamond. BLNK'^^'^ H^^lz CO |Ag/ml). 
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ic dit&reiKes in the regulation of BLNK or 
other tegutetor* of B cell development nay 
asxoum fijr tho diflferenocs observed letwmi 
human and marine BLNK deficiencies. How- 
ever, the present stutiies in a human and in mice 
demortstmte a centml role for BLNK in relay- 
ing wgnals in the pie-BCR and BCR signaling 
pathways. 
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An Essential Role for BLNK in 
Human B Cell Development 

Yoshiyukf Mlneglshl.^ Jurg Rohrer,^ Elaine Coustan-Smith,^ 
Howard i^. Ledtirman,^ Rajita Pappu,*^ Darlo Campana,^'^ 
Andrew C. Chan * Mary Ellen Conley"''*'* 

The signal transduction events that control the progenitor fi cell (pro-& cell) to 
pr«cMr$or D celt (pre-B coll) transition hav« not be^n well delineated. In eval- 
uating patients with absent B cells, a tnale with a homozygous spilce defect In 
the cytoplasmic: adapter protein BLNK (B cell Unk«r protein) was identifred. 
Although this patient had normal numtiers of pro-B cells, he had no pre-Et cells 
Of mature & cetU, indicating that BLNK ptays a critical role in orchestrating the 
pro-B cell to pre-& cell transition. The immune system and overall growth and 
development were otherwise normal in this pat)em, suggesting that BLNK 
function is highly specil^c 



Cross-linking of the B cell antigen rcccplor 
(BCR) results in rapid ph&sphoiylation of the 
adapter prorein BLNK [also called SLP--63 (Sn: 
homology 2 domain-wntsiimng leukocyte pro- 
tein of 65 m) and BASH (B cell adapter 
cont^tining Sro homology 2 domaiiO}^ a hema- 
topoietiospecific cytoplasmic protein wilh ho- 



mology to SLP-76 (/. 2y Oncft BUNK is phoj- 
phoiylated by Sy)c, it serves as a scaffold to 
assemble the dowiutrfeam taigcts of sntigcn 
aaivadon, mcluding Grb2, Vav* Wck, and 
phospholipase C- ^ (PlOy), Hwiec, BLNK is 
positioned to coordinate a nunttber of sigaalin^ 
pathways activated by the BCR. Smdits in a 
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ic differences in the rrgulation of BLNK 6r 
other regulator of B cell development may 
accwnt for the diffeiencts$ observed between 
human and mminc BLNK (telicieAcifig. Hov/. 
ever, the present studies m ^ human and in mice 
demonstiatc a central role for BLNK in relay- 
ing sigEuIs in die prc-BCR and BCR signaling 
peithivays. 
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An Essential Role for BLNK in 
Human B Cell Development 

Yoshiyuki Min«gi$ht.^ jurg Rohrer,^ Elaine Coustan-Smith,^ 

Andrew Chan/ Maty Ellen Conley'-''* 

The siffiai transduction events that control the prog^enltor B ceil (pro-B cell} to 
precursor B cell (pK-& c^U) transition have not been well delineated. In 6vaU 
UBtfng patient; with absent B cellS/ a male with 9 homozygous spUce defect rn 
the cytoplasmic adapter protein BLNK (B cell linker pmtein) was identified. 
Although this patient had normal number^ of pro-B w\\s. he had tto pre-& cells 
or mature B celbip Indicating that BLNK plays a critical role in orchestratfng the 
pro-B celt to pre-0 cell transition. The inrrniune system and overall gro>AdH and 
development were otherwise normal in this patient suggesting that BLNK 
function U highly specific. 



Crass-liJiking of the B cell andgpn receptor 
CBCR) roiizlts in T«p\d pho^horylation of (he 
adapter protisin BLNK [also called (Src 
homology 2 domdirY-containing leukocyte pro- 
tein of 65 kD) and BASH (B cell adapter 
contaitiiTig Snt homology 2 domain)], a hema- 
tc^iotic-specific cyioplasmic protein with ho- 



mology to StP-76 (A 2>. Ottc* BLNK h phos- 
phoiylatcd by SyJc, it $ervcs as a scaffold to 
assemble the downsiream targai^ of Antigen 
activation, including Gitfi, Vav, Nek, and 
phospholipaw (PtCi). Henca, BLNK is 
positioned to coordinate a nwnbcr of signaling 
pathways activated by the BCR. Studies in a 
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Reports 



BLNK-dcficient DT40 chi^jjoai B cell line in- 
dicate that thi$ adapter is tequiretf for the re- 
lease of intraceilulaj^ calcium and thfi activation 
6f the extracellular sigml-regulatcd protem ki~ 
nase, c-Jun NHg-tenninai kinase, and p38 path- 
ways in response to anti-imniunoglobulin M 
(fgM) stimulation (3). If BLNK plays a noHre- 
dundant t6l& iji mammalian B cell dfivclop- 
nwmt, mutations in BLNK might result in im- 
munod€;ficifcn9y. 

About 85% of paiieiats with early onset hy- 
pogamtuaelobulincima and absejit B cell$ An? 
Tnalcs with X-Unked agianvnati^obulineniia 
(XLA) (4). These paiients have mutatioM in tht 
cytoplasmic tyrosine kinsase Bifc (J). Some of 
the remaining p^tticnts have defects in compo- 
nents of the pre-B cell resccptox (prcBCR) or 
BCR {6, ?); ho^vever, the naluie of the defect in 
many patients ttmains wnknowji. To determine 
if mutations in BLNK oaxild give rise to human 
immunodciicicncyr we isolated and character- 
izcA a bacterial arcifitial dsromomnc clone 
CDiitainin^ the huni^n gcnomi& BLNK se^ 
^usncc. Fluorescence in situ hybfidi3:ation dam* 
ons&atfid that BLNK is located on chiDmosotne 
10q23,22, The gene consists of 17 exon^ spread 
over --65 kb of DNA. Primers livfins designed to 
amplify individual cxons by polymerase chain 
reaction (jPCB) for analysis by $inglc-sirand 
confonnation polymotphism (SSCP) (5). 
Gfinomw DNA samples wese analya»d fitim 25 
patients with a Btk-dcficicnt phenotypCj in 
whom wc had not identified mutations in Bik, |a 
heavy chain, Igpt (mb-l), Jgp (B29>, or the 
surrogate light thain. J>NA from one patient, a 
20-ytar-oM male with early onaei hypojgamms- 
globulinerma and absent B (^U, demonstrated a 
hoitwjzyjsous alteration in the first ejcon of 
BLNK and its flanking intronic sequence (Fig. 
ly This poitign of the gens was cloned and 
sequenced, and two nDrtdontig;ucrus b^^pair 
substiturion$ were identified (Sf). TTie first alrer- 
ation, a C to A substiturion, occumed 3* the third 
base-pair position in codon lO^ which encodes a 
proline. This base-pair jsubstituhon decs not 
change the amino acid sequence of BLNK. The 
second alteratiofl, an A lo T sjubstitution, was 
foiuid *t the +3 position of the splice donOr sito 
for jntran 1 , 20 base paixs downstream from the 
alteration in codon 10. SSCP analy$i$ of D>3A 
100 uitoislated indjvidvals did not reveal 
any fragments v<nth a migration panem identical 
to that seen in the patient {iff}, 
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The A to T subjftitudoii at the -t-S position of 
the spliqc donor site occurs 9t a highly con- 
served site in the spUce consensus sequence; 
ahemtions at this site would be expected to 
result in faulty processing of die BLNK mes- 
sage (Iiy To evaluate this possibility, we 
livtd pDNA fh>m the patient's bone luairow 
and used reverse trapscriptase-PCR (RT-PCR) 
to eitfiiminc the abundance of BLNK transcripts 
(12). The results wcte con^iared with those 
obtained frorn bone manow of healthy subjects 
or patients with mutations in Btfc or ji, heavy 
chain (Rg- 2), No BLNK transcripts could be 
amplified from the patient'e bone marrow, al- 
though BLNK transcripcs wete easily identified 
in die bone marrow of the other patients with 
defects in early B cell development. Other 
genes expres$ed in pro-B cells, including Bik, 
terminal dcoxynucleoiidyl tiansfcrtsc (TdT), 
and X5, were expressed in appioximately equ;^! 
amounts in all of the patient^. These results 
indicate thai the base-pair substitutions in 
BLNK reuulied in a taarked reduttiiin or ab- 
sence in BLNK transcripts and therefore in 
BLWK protein. 
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n^. 1. Characterization of the SLNK mutation 
in an trrmunodeficient patient. (A) Cenomic 
DNA samples from 14 patients with defects in 
B e«)i development and a control (lane C) wer? 
anatyced by SSCP for defects in the first exon of 
BUsiK gnd it5 flanking se<juencts. DNA from th? 
paitient ts shown in lane (B) Sequence anal- 
ysis at the exon-intron border demonstrated 
two base-pair substilutic^f, $5 irKlicated. (C) 
The consensus sequence for a mammalian 5' 
iplfCft donqr site is shown with the wild-type 
and mutant BLNK exon l/lntron 1 sequence. 
The codtngsequenct b shown in capital tetters; 
the Intronic sequence is in lowercase tetters. 



The patient with BLNK dcjReiency demon- 
stistcd nonml growth and development At 8 
months of sgc, he had the onset of recufn&ni 
otitis* Alter two episodes of pneumonia, he was 
evalaatcd for immunodfificicncy at l& months 
of age. At that dme^ he had no detectable serum 
TgG, IgM, or IgA, and ho bad <1% B cells in 
the peripheral oimiUtion. He was started on 
^aimn^globulin leplaAem^t, and between 2 
and 20 years of age, he did well except for 
chronic otitis and sinusitis;, hepatitis C acquired 
from inlmvenous gammaglobulin, and an epi- 
sode of proteiu'losine enteropathy in adoles- 
cence. Immunologic studies perfarmed when 
the BLNK-dcjfieicnt patient was 20 years of age 
demonstrated serum concentrations of IgM and 
IgA of <7 mg/dl, noraial nirnibeni and pcrocivt- 
agcs of CD4 and CD8"^ T cells and naoiral 
killer cfills, and nomial numbert: of platelets and 
myeloid cells. The patient's mother and father, 
who were heterozygous for both base-pair sub- 
stitutions in BLNK, were healthy and had nor- 
mal concentration^ of serum immunoglaibulm^ 
and nontnal numbers of B cell? (JS). An older 
birother developed rftcunent otitis at 6 months 
of age and died at ) 6 months of age of pstudo- 
monas sepsis and neutropenia. 

linmunQflnortssccncc analj^is of peripheral 
blood lyjijphocytes from the patient with 
BLNK deficiency and an age-matched paaent 
with an amino acid sttbstitut'on in the plcckstrin 
homology doniain of Btfc demoiiatrated that 
both paticjiis bad <0.0]% CDlp"^ cells in the 
blood (14). To dttanine point in B cell 
differentiation at which the block in devdop^ 



BLNK 
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f'tg^ 2. HT-PCR analysis of & cell-specific tran- 
scripts In patients with defects in G cell devel- 
opment. UNA froni the foUow((\g[ sources was 
reverse transcribed: the bone marrow of a nor- 
mal control (lane 1), 9 patient with an amino 
acid substitution in codon of Btk {lane 2), 3 
patlant with a 4-bp deletion in the coding 
sequence of Btk (Una 3), the patient with mu- 
tations In BLNK (lane 4), and a patient wfth an 
ainlnD acieJ svbJitftutjon at an invariant cy^i^ine 
in CH4 of \h heavy chain (lane 5). The cDNA 
was used as a template for RT-PCR with prim- 
ers specific for the codir^g regions of BLNiC, Btk, 
TdT, X5, and the control transcript GAPDH. 
Molecular weight markers are shown on the left 
(lane M). and a qDNA negative control is shown 
On the right (lane 6). 
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REPORTS 



menl occuiwd^ wc examined bone manow 
from both patients vsmg markets that distin- 
guish pro-B cells jftom pre-B ceJIs and mature B 
cells. The percentage of CD 19* B lineage cc)ls 
less in the patients in compaiisoniio that of 
the control (0-3% in the BLNK-deficieni pficicnt 
and 1.0% in the Btk-deficicnt patient versus 
15.7% in ihti! control). There were no membrane 
immunoglobuiin-positivc (mlg') mature B 
cells in either patient (Fig. 3). In bath patients, 
tihc block in B cell diffbrnnti^tion occiured at 
the pco-B cell CO pre-B cell tmnsition; >80% of 
the CDI9"*" celJ$ fipcm these patients cct&K- 
pressed the pro*B cell marfcef, CD34. In con- 
trast, only 22.0% of the CDIS"^ cells from the 
control ^vcre positive for CD34; the mnaining 



cells froi>i the control were cither prc-B cells 
(CD34-, CDJ9+. and mlg") or B cells 
(CD34-, CD19-*', and ml^+). 

To document thai BLNK is expn^ccl in 
pno-B cells, ws indirectly et^ncd pormeabUized 
bone maiTow cells from the Btk- and BLNK- 
dftficiflrnt patients wirh a mgnoolonal antibody 
to BLNK {14). All of the pt^B 
from the Btk-dcficient patient were positive for 
0LNK {Fig. 4). By contrast, there wns little or 
no staining for BLNK in the bone manoTV of 
the patient >vith mutations in BLNK. Because 
BtNK is expressed in pia-^ cells, the possibil* 
ily that BLNK is required before the cKpression 
of the pne-BCR wa^ cxainmcd. In previous 
studies, we h*ive showi that paticflta with dc- 



Normal 



Fl^. 3. ImmunoFtuores^ 
cen« arvelysEs of 8 Uii~ 
ea{j[B ceils, 9one mar- 
row mononuditar cells 
from a nOTnal individ- 
ual (L«ft CCilurnn), from 

a patient vw'th Btk-defi- 
cient Xla (middle 0?^- 
umn), and Irom the 
&LNlf>deficient patient 
(right column) were la- 
beled whh antibody to 
CD 19 PE, antibody to 
CD34 PerCP, and enti- 
botty to K and K light 
th^ins FITC. Flew {yto- 
metric dot plote m the 
top row Illustrate C019 
staining versus s'tde 
scatter (SSC); bdth pa- 
tients had reduced pro- 
portions of 
cells. Gated GDIS'* 
lymphok) celU were 
then analyzed for ex- 
pression of mig U^t 
chains (middle row) 
and C0B4 (bottom 
row). PercerrtagK of 

Bmor^ C019'^ cells are indicated. 



F(g. 4. (A) BLNK. protein expression in pro-B 
ctTu. Bone marrow mortonudear cells from age- 
matched patifent5 with (left) or Btk (fight) 
(feficiency were labeled with antibody » CD! 9 
(If M)i permeabilized, and labeled with monoclo- 
nal antibody to BLNK (igO^a). Goat antiboc^y to 
mouse (gM PE and \gO FITC was then added. Dot 
ptotf ilUiftrace immunofluerestence staining of 
lymphoid cells. Quadrants were set at the upper 
limits of the iso^pe-matched nonreactive anti- 
body fluorescence. TTie BLNK"*" celUi seen 
in the 9tk-deftctent patient were CD34~ and 
were similar xo monocytes In forward and it^s 
light scatter. (B) Semiquantitative RT-PCR anal- 
y^ils to evaUiate the amount of VOJ-rearranged 
heayy-dislft transcripts. Bone man'ow cDNA 
from an a^e-matched control (lane 1), a patient 
with llartft 2). the patient with BLNK deff- 
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clency (tane 3). a patient with p. heavy chairt deficiency (Lane 4), and et cDNA negative cantrol (lane 
5) and thfes 1 0-fold dilutions of control cDNA (1X. O.TX, and 0,01 (lanes 6 through S, 
respectively) were airtptified with primers specific For VDJ-rearrw^ed p, heavy chain andTdT. which 
was used as a control to demonstrate equal conctntraitiDns of pro-S cell transcripts. 



foots in the consumt region of the p. he2.vy dutin 
or the Igpt signal transduction oomponent of die 
BCR have small flni(?vin& of ixanscripts for 
rearrangfcd |a heavy chain gercs in the bone 
raanow as detefiTed by RT-PCR (7). Rcar- 
raneemieat of the p. heavy chs«n occur imme- 
diately before the pn>-B cell to pre-B eel) tiwi- 
sition. A primer that hyferidisiiss to a conserved 
ijcqucnce within framework region 3 of vari- 
able-region jjcncs and a primer within die CHI 
domiain of \i. heavy chain were used to examine 
cDNA itDm 3 control and patients with dc&cts 
in B cell developnaesnt (7), A small nurriber of 
roarnm;^ jx heavy chain oansctipcs could be 
dctccicd in the bcm& marrow of the patient v^ith 
muratiDM in BLNK as well as in pAdcnts that 
wene Btk and p. heavy chain deficient Thus, 
BLNK doa$ not play a role in B cell develop- 
ment before the expression of the pre-BCR. 
This coitespond* wiUi earlier studies showing 
that phcisphocylation of BLNK is dependent on 
cell surface expreasidu of a BCR (i J). 

Cell surfsQc cxpnessioii of tht prr-BCK. 
results in a strong s^jval signal associated 
with the cessation of p, heavy chain gene 
rciiTTwigcments, chan^ in ccU surface phe- 
notype, and marked expansion of the prc-B 
cell population {16), The absence of pre-B 
cells or B cells m the patient with nrntfltioios 
in BLNK demonstrates that BLNK plays a 
critical role in orchestrating these signa.ls. 
Like defects in Brk and X5 (J, 6, 17), muta- 
tions in BLNK appear to have more severe 
cibT] sequences in the human as compared to 
the mouse (JS)^ This suggests that the re- 
quirements for signaling through the prc- 
BCR and BCR may be more stringent in the 
human than in the mouse. There may be a 
Tcoiprocai reliance on sign^LlliTig through other 
pathway* in murine B cell development. For 
cwampic, the consequences of defective sig- 
naling through interleukin-7 are monc severe 
in the mouse compared to the human {19), 

In T cells, the functions pcrfonwed by 
BLNK appear to be split betweert LAT 
(linker for activation of T cells), which 
binds to phophalidylinositol 3-kinase, Grb- 
2, and PLC^ (20), and SLP-76, which binds 
GrpL, Nclc, Vav, and FYB (IFYN binding 
protein) (21). Mice laclcing LAT (32) or 
SLP-76 (23, 24) have a block in T cell 
dcvelopmetit at the pro-T to pre^-T cell 
fiia^e of devcloprnent. In the newborn pe- 
riod, SLP-76 -deficiCTit mice also develop a 
hemorrhagic diathesis, which is related to 
ihc requirements for in collagen- 

mediated platelet activation (24, 3S). These 
studies^ when coupled with our findings 
showing that BLNK is required for noTmal 
B cell developToent in the human and the 
mouse, indicate that adapter proteins plfiy a 
critical role in highly specific signaling 
pathways, and they suggest thai defects iu 
adapter proteins like LaT or SLP-76 may 
result in human irnmunodeficiertcy. 
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Perforin Gene Defects in 
Familial f-lemophagocytic 
Lymphohistiocytosis 

3u$fln E. Stepp,"* R^tnl Dufaurcq-Laj^elouse.^ 
Fran(oH« La Derst,^'^ Sadhna Bhawan,^ StAphanie Cortain,^ 
PoruneLCoor A* Mathcw/ Jdn-lnga H«nter.^ Mtchael DennBtt«^ 
Alain Rscher,^^ CanaviAva cfe Saint Baslle VInay K«mar^* 

FarflilisI hemophago«ytic lymphDhlstlocytosts (FHL) is a rare, rapidly faftal, auto- 
somal recessive Immune disorder characteriied by uncontrolled activation of T cells 
and macrophages and overproduction of fnflammatory cytokines. Linkage analyses 
indicate that FHL Is genetically hetftrogeoeous and linked to 9q2 13-22, 10q21-22, 
or another as yet undeFined locus. Sequencing of the codihg regions of the perforin 
gene of eight unrelated lOqZl-22-Hnked FHL patients revealed homoaygous non- 
sense mutatlonjs In four patients and mfssense mutations in the other four patients. 
Cultured lymphocytes from patients had defective cytotoxic activity, and Irnnm- 
nostalnlng rtvaaled little or no perforin in th» granules, Thu^, defects in perforin 
^re refponstble for 10q21-22*4inked FHL PeHbrin-based effector systems are, 
therefore. Involved not only in the lysis of abnormal cells but a($o in the down- 
reguUtion of cellular innnune activation. 



FHL is a hcniophagocytic lymphohistiocytic 
disorder in which piwioiifily healthy young chil- 
dren prosGit with fever, splenomegaly, hftpato- 
megaly, pancytopenia, eoaguUttion abnomiali- 
ties, neuFological abnornialiiies, and high ^emm 
concemrations of interfftron-^ (IFN-7) and tu- 
mor necrosis iactor-« (TNF-ot). Accumul^on 
of acrivated ftiaaoophages and lyiriphocytcs, 
raainly CDS"** humaa lymphocyte antigea DR"*^ 
Fas" T cells, as well as hemacophagooyto^I^ \n 
Che bone manrcw, spleen, Jivcr, lymph nodes. 
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&xid central necvous system, domimitc the pa- 
tholo^ (/-^, Defective T and mtufoi killer 
(NK) cell cytotoxicity is conifistcntly reported 
(4^ 5). We hypothesised that the pritnaiy mher- 
ited defect in FHL could bea feilmc of cytolytic 
lympliocyte fimotjon and that this, together with 
childhood infections ((?, 7), induces the fatal 
immune deregulatioi> of FhL 

The gen? encoding perforiti. An ii^porhurt 
mediator of lymphocyte cytotoxicity, has 
been mapped to I0q22 (3)^ near one of the 
previously identified FHL-linlccd loci (P> 10). 
Thus, perforin deficiency may play a role in 
the pathogenesis of FHL. Unlike patients 
with FHL, perforin knockout mice are gener- 
&lly healthy when maintained in ^ pathogen- 
free, contrqiled environment. However, when 
infected with lymphocytic choriomeningitis 
vifufi (LCMV). similar CDS'" T cell- IFN- 
7- TNF-tt-dependent imrnunopathoJogy 
and monalLty are seen (V/, 12). 

We first wnfinncd the presence of pcrfprin 
(PRFl) ^ the candidate re^on by polymerase 
chalti reaction (PCR) scnwnine a partial yeast 
iirtificial chromosome (VAC) contig covciing 
the FHL neeion on chrornosome 10 usin^ prim- 
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eases characterlzBd by agemmaglobunTi- 
0mla. Recently described In vitro and In 
vivo models that support development 
and expansion of human B-llneage cells 
through multiple checkpoints provide 
new tools for Identifying the bone marrow 
stromal cell-Klerlved molecules neces- 
sary for survival and proliferation. Muta- 
tions In genefi encoding aubunlts of the 
pre-B ceil receptor and molecules In- 
volved In pre-B cell receptor signaling 
culminate In X-llnked and non-X-Unked 
agammaglobulinemia. A cardinal feature 
of these ImmunodeflcienoieG Is an appar-< 
ent apoptotle fiensltlvity of B-llneage 
cells at the pro-0 to pre-B transition. On 



the other end of the spectrum Is the 
apoptotic resistance that accompanies 
the development of B-llneage acute lym- 
phoblastic leukemia, potentially a reflect 
tlon of genetic abnormalities that subvert 
normal apoptotic programs, the triad of 
laboratory models that mtnrtic the bone 
marrow mlcroenvlronment, tmmunodefl- 
clency diseases with specific defects in 
B-cell development, and B- lineage acute 
lymphoblastic leukemia can now be inte- 
grated to deepen our understanding of 
human B*cetl development, (Stood. 2000; 
96:^-23) 

O 2000 t»y The American Society of Hematology 



Development of mammalian 0-llneage 
cells is characterized by progression 
through a series of checkpoints defined 
primarily by rearrangement and expres- 
sion of Immunoglobulin genes. Progrea- 
slon through these checkpoints is also 
Influenced by stromal cells in the mfcroen- 
vrronment of the primary tissues wherein 
B-cell development occurs, ie, fetal ilver 
and bone marrow and adult bone marrow. 
This review focuses on the develop- 
mental biology of human bone marrow 
B-iineage cells, including perturbations 
that contribute to the origin and evolution 
of SMIneage acute lymphobtastic leuke- 
mia and primary immunodeficiency dis- 

Introduction 

Development of mature blood cells from lymphohematopoieiic 
progeniiors is a complex process governed by sequential changes 
in gene expression and cxiemal cues emanating from lymphoheraa- 
lopoietic microenvironments, such as fetal liver and bone marrow 
(BM), The last decaUc has witnessed dramAcic progress in elucidat- 
ing the molecular mechanUms that govern blood cell development. 
Mice with aUerutions m gene content (tranfigenics. knockouts, 
knockins) have been cxiraordinarily useful in elucidating che role 
of transcriptit)^ facior.s. cytokines, and cytokine receptor^' in blood 
cell devfliopmcnu This revi^sw focuses on the develop memal 
bloloey of human BM B-lineuge cells and on perrurbations in 
development thai can contribute to ^he progression uf B-Iineagc 
iicute lymphobla.siic leukemia (ALL) and immunodcikicncy dis- 
eases characterized by agammaglobulinemia. My ohjeciive \s to 
provide an update on key issue?; in human 6-ccll Ocvclopmeni iind. 
where appropriaiCv compare and conirast B-celi devclopmeoi in 
mou^e and human. The discussion of B^Iincagc ALL and immuno- 
deficiency diseases will coniiider the developmentar biology of 
these diseases as they constitute a deviation from normal programs, 
The lerniinology used in this review is largely consisieni with 
the terminology used by other bboracories .studying human B-cell 
development. Pro-B celi.s arc thoi>c B-lineage cells that express 
coil-surface CD 19 but do not expresii cytoplasmic or cell-surface ju 
heavy cbarn<v (HCs), Prc-B cells express cell-surf'ace CD 19 and 
cytoplasmic juHCs, and variably express cell-surface pHCs associ- 
ated wi^h surrogate light chains (it/LCs) — ie, the pre-B cell re- 
cepiof (pre-BCR). Immature B cells express cell-surface CD 19 
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and cell-surface pHCs associated with k or \LCs — ie, the B-cell 
receptor (BCR). B-ceU precursors include all B-lineagc cells prior 
to immature B cells expressing the BCR. 



Sites of B-cell development 

Huuiiin B-Iineage cells are present in multiple tissue sites in early 
fetal development. However, from midgestaiion through the eighth 
decade of life, the BM is the exclusive siic of B lymphopoiesis, 
Pre-B cells ure present in 7- to 8-weelc gestational uge letal liver' 
und lO-week gestational age fecal omctiium.^ A thorough unulysis 
of 18- to 20-week fecal tissues revealed that B-ccll development is 
multifocal: CD19^/surface fiHC B-oetl precursors and CD 19""/ 
surfuee juHC**" immature B cells are present in BM, liver, lun^. 
kidneys, and spleen.*"^ The frequency of B-ccll precursors as a 
percentage of the loial lymphoid cell pool is much hi<;her in fetal 
BM compared whh adult BM.-^ * Adult BM also differs from fetal 
BM by the presence of recirculating CD l^"*" /surface p. 6 HC~ 
mature B cells in the former.-^ Similar levels of recombinusc- 
activuting gene (RAG)-l. RAG-2. and terminal deoxynucleotidyl 
transferase (TdT) are decccmble by reverse transcriptase-polymer- 
ase chain reaction (RT-PCR) in pro-B cells from iS^wcek fetal BM 
and 62-year adult BM, underscoring the functional integrity of BM 
B-ceJ] development throughout life.^ It is noteworthy chat recent 
studies of T-ccll development indicme that T-cell receptor (TCR) 
gene rearrangements actively occur in thymocytes from individuals 
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in iheif sixih decade of life.* Thus, ongoing development of B and T 
lymphocytes thcoughoui life complements die existence of memory 
B and T lymphocycci; in maintaining a funciionat immune system. 



Developmental stages of B-lineage ceils 

Analysis of gene expression in developing lymphoid cells can be 
accomplished by muIUparameter flow cytometry, immunohisto- 
chemisiry/fluoreseence microscopy, and RT-PCR. Immunologic 
phenotyping of B-Uneage ALL using monoclonal amibodics (mAb$) 
and flow cycometry has been conducted in many laboratories, and ii 
is not my intent ro 5unfunarize the many published reports. The 
reader is referred elsewhere for an in-depth review.^ 

Although lymphoid progenitors are the descendancs of hemato- 
poietic stem cells (HSCs) with the capacity to develop Jnco all 
lymphohemuiopoienc lineages, the earliest populations of lineage- 
restricted lymphoid progenitors are poorly characcerized. Figure 1 
shows poientiai relationships between so-called common lymphoid 
progenitors (CLPs) and progenitors with increased fitness to form 
specific lymphoid lineages. The CLP is defined as a progenitor with 
the capacity to develop into T, B, or naniral killer (NK) cells, but 
Utile or no capacity to develop into nonlymphoid lineages, such a$ 
mycloid/eryihroid cells. A cell with the developmental potential of 
a CLP has been included in the blood cell developmental schemes 
of hematology textbooks for many years. However, data supporting 
its existence have only recently been published.''''^ Galy and 
colleagues used fluorescence-activated ceil sorting (t'ACS) to 
purify CD34VCD10VCD45RA^ BM progenitors that do not 
express T, B, or NK lineage surface markers (ie, CD2, CD4, CDS. 
CD 1 6. CD 19, CD20, and CD56), A battery of i« vitro assays and 
the severe combined immunodeficiency (SCID)-hu (human) moose 
were employed to demonstrate that CD34"*'/CD10VCD45RA"*^ 
progenitors are capable of developing into B. T, NK, and lymphoid 
dendricic cell (DC) lineages, but not myeioid/erythroid lineages-"^ 




Figure 1 . DevdlopmentA) r*lAtlon«h(p between h4maiopo(el(c stem ceU* (HSCa), 
common lymphoid progenMors (CLPs), and putanvo •«rly-B or T/NK/d«ndr<l(c 
call (OC) proganUore. HSOb Include a« primitive C034-/llnea5e" hematopoiwic 
developmental ala9a$ prior lo the CLP, shown scheoiadcally as 3 cells. Arrows with 
Botid lines inaicaie developmental flow culminating in locreaeea imtige /eelricilod. 
OasJied arrows indlcaie possible c©<lular targeis oi iL-7 signaling or an unknown 
liganO. Numbefa ot^ the cell aurtace indicate CD antigens useful in dfettnguishlng ihe 
dovoiopmamai oompanmenia. AKhougn not shown In thta ttguf*, ihe 3 reporrs mat 
descHbad the cell eurfaco phQooiype o( CD10- lymphoid progenitora revealed 
coneiderabla halo^ogenany^ P-'^ f^qr example. CD7 and CD33 wa/e deteo^od on a 
minority of the lymphoid progenilora In eech siody, Tner* is no Known auitace 
marKar mdrdisnn9ulahG$ (ho CLP /rom the eady-g CeH. Il ia a!&o likely *hal IL-7fl 
expfesslon and signaling v^ry t)o\h wilhin and barween Ihe lymphoid progenitor 
companmems. 



However* chis study did not clarify whether T- and B-llneage cells 
arc derived from a single progenitor. A subsequent study by Ryan 
and colleagues showed that CD34"*'/CD19~ lymphoid progeniiors 
expressing the interlcukin 7 receptor (IL-7R) (CD 127) gave rise to 
CD19"^ cells ill a colony-forming assay.** The CD34'*-/rL-7R^ 
lymphoid progenitors were uniformly TdT+, and the majority 
expressed Ct)lO. RT-PCR analysis indicated the expression of 
RaG-U immunoglobulin ilg)^ (CD79b), and the paired domain 
transcription factor PAX-5.^ Ryan and colleagues did not assay for 
T, NK. or DC potential^ but the CD34^/TL-7RVCDl9~ population 
contained granulo-monocytic colony-forinitvg units at a frequency 
10-fold to lOO-foId lower than IL-7RVCD19- cells.f A recent 
report indicated that CD34^ BM cells expressing the CXCR4 
ehemokine receptor for stromal cell-derived factor- 1 (discussed in 
more detail below) could develop into B- and T-lineagc cells, but 
not myeloid/etythroid oells,^ It seems likely that the 3 repons"^"^ 
described a human lymphoid progenitor with similar developmen- 
tal potential- A population of IL-TR'^ adult tnunne BM cells are 
also dcvclopn^encally restricted to become T, B, iMid NK cells^** and 
may be the murine counterpart of the lymphoid progenitors isolated 
from human BM.*^"** 

The model in Figure 1 proposes that CLP can differentiate into I 
of 2 lymphoid progenitor intermediates: early-B cells orT/NK/DC 
cri-lineage cells. Early-B cells are characterized by the initiation of 
T>}^ rearrangcmems and the e;^;prcssion of E-Uneage specific 
proteins such as VpreB and Iga (CD79a). Soppon for the existence 
of an eajfly-B cell comes from reports showing that DJk rearrange- 
ments."'^- cytoplasmic Igot protein.'^ and VpreB protein^* are 
present in CD 19" lymphoid progenitors. The CLP could also 
diffcrentiaie into a T/NK/DC tri-lineage progenitor possibly de- 
fined by the acquisition of CD7. Either the CLP or the T/NKTDC 
progenitor could migrate to the thymus and undergo subsequent 
development.'-'' k is unknown whether specific signals cransduced 
by BM strornal cell-derived molecules can promote CLPdifferen- 
il'diim into an early-B cell or a T/NK/DC progenitor. 

Murine CUPs and possibly human CLPk are particularly 
.sensitive to IL-? stin^ulaiion- Signaling through the IL-7R is 
essential J'or the development of murine CLPs. although not by 
virtue of inducing self -renewal.'*' A role for IL-7 signaling in ihe 
develupmcnc of human CDI9+ B -lineage cells from CDlO'/TdTV 
CD 19" lymphoid progenitors has been demonstrated in viiro.*^ but 
whether IL-7 exerts iin effect on CLPs und/or early-B ccHs is 
unknown. The rclarionship between signaling pathways acuvaicO 
following lL-7 stimulation of CLPs and the developmental fate of 
CLPs are unknown, IL-7 activarion of phosphatidylino.sitol (Pl)-3 
kinase/protein kinase B activation is essential for survival/ 
proliferation of human T-cell precursors, whereas IL-7 activation of 
STAT5 favors T-cell differentiation,'^ It will be interesting lo 
determine whether PI-J kinase, STAT5- or other IL-7 signaling 
pathways activated in human CLPs can lead to different develop- 
mental fates. The CLP— early-B cell siep cannot require IL-7 (see 
below), and other cytokines or BM stromal ceU-<lerivcd compensa- 
tory signals muse be important. 

Figure 2 shows the stages of human B-ccIl development and 
countcrpan stages in murine B-cell development. Several classiti- 
cation schemes h;we been developed for the mouse. but Figure 2 
shows the A through E fractions originally described by Hardy and 
colleagues,''' Figure 2 proposes the existence of an early-B cell (as 
discussed above) that does not express the cell surface protein 
CD 19. Early-B ct\h have initiated DJ^ rearrangements and express 
cytoplasmic Tga (and to sonne degree Igp) as well as VpreB 
proteins. I would emphiisize thai this is a tentative defiiuiiou of an 
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f^ldUre 2. Stag«H In human a-«eii (f»v«lcpmont. Six atagos Oegtorttng wilh the 
CLPa and culminMing with Immature B cells aro shown aa one mod^i ol B*cell 
devetopmeni In human BM. The lettera In par«<^t^«5^$ represent an approjfim«(i'on of 
the counterpart staiflds \i\ murind B-cell dev^lopmorit. using Ihe nomanclaturo of 
Hardy and calleagvftS,'^'^ Numbers on lha call jtuflace indtcala CD antigens 
Irequenily uaed lo defl/ie the Individual atagaa m human development. Pansrns 
of g^ne expression Inalde the colls have bean determined by RT*PCf1 and/or now 
cytometry, Oaahed arrow? indicate possMs cellular targets for poaitfve (•*-) and 
nsaativ© {-) growth ragulaTors/chemotactic faclore prodviced by BM atromal cells. 
Cells lo a particular deveioptflsntat stage are not necd^so^fily uniform !r\ the 
9xpre35(0n o( a specific receptor, far example, only ^0% to 20% ot th* pre-Bl ptus the 
pre-Bll celts $xpc«$$ the ^j-iHC pre-SCR. 



eariy-B cell, since no cell surface markers chat could disiinguish 
earjy-B cells from CLP have been reported. This early- B cell may 
be similar to the CD19" B-lincage fraciicos Aj and/or receaily 
described by Hardy colleagues.^" or the lin~/c-kit^*' and 
lin~/c-kit"" progenitors described by Payne and colleagues.*^ 
Human pro-B cells are a welKcharacterized population expressing 
CD 1 0, CD34, and CD 1 9.-* The vasi majority of pro-8 cells expre.ss 
TdT/^"^^ and V-io-DJh rearrangements arc easily detected. 
However, single-cell PCR analysts indicated chat a ininority of 
CDl!?-^/CD34-^ pro-6 cells have both HC alleles in germ-iine 
configurution.-"* Thus, assigning the early-B cell population a DJu 
reurrangeiTiet^t suius and the pro-B cell population a VDJh 
rearrangement nhiim is probably an oversimpliUcauon, A differ- 
ence of opinion exists; a.*; to whether CDI9'*'/CD34'" pro-B cells 
exprciis cytoplasmic pHC. Two groups have concluded that pro-B 
cells expres.^ neither cytoplasmic nor low cell-.s*urface juHC.--'''*'^ fn 
contrast, using FACS-purified CD19+/CD34* pro-B celts, we cun 
reproducibly detect Cyiopl asmic pHC in 5% to lO^ oi' pro'-B 
ceils.-'* This result is consistent with the existence of i^adily 
detectable VDJw rearrangemcnis in pro-B cells. The human 
pro-B cell may correspond to Hardy fraction B ± fraction C, bused 
on analysi.s of VDJh reairangemeni^.-'^ -'' 

A functional VDJ^ rearrangement is essential for normal pro-B 
cell differentiation into the pre-BI comparlmem (Figure 2). Pro-B 
cells that fail to make a functional VDJh rearrangement undergo 
apoptosis and are probably phagocytized by BM macrophages. 
Pro-B cell differentiation into pre-BI cells is characterized by Ions 
of CD34 and TdX und acquisition of cytoplasnnic mHC in more 
than 95% of the cells. Similarly to the mouse."* human pre-B 
cells can be generally subdivided into large proliferating cells 
(designated pre-BI in Figure 2) and small posttnitotic cells 
(designated prc-BlI in Figure 2) on the basis of cell-cycle 
analysis.^** The human pre-BI cells would panially overlap with 
Hardy fraction C.'^'-^^ Pre-BII cells are actively undergoing kLC 
rearrangements.^** In general k rearrangement precedes \ retirrange- 
mcnt. and pre-BII cells that fail to make a functional k rearrange- 
ment can proceed to rearrange rhe XLC locus. Interestingly, a very 
small percentage (approximately 1%) of immature B cells in 
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human BM and peripheral blood express k and XLC on individual 
cells.^ft-Jo jhis dual LC expression may reflect immature B cells 
undergoing receptor editing. 



The pre-^BCR and related structures 

Mammalian B-lineage cells must traverse several critical check- 
points on the road to becoming functional antigen-specific B ceUs. 
The cell surface molecular complex appearing ac a critical initial 
checkpoint is the pre-BCR. The pre-BCR is- a complex of proteins 
consisting of pHC, \pLC, and the Iga/Igp sigjnal transducing het- 
erodimer.^* The mammaliat; iJiLC consists of 2 proteins generally 
referred to as VpreB and X5. The genes encoding these 2 proteins 
were originally discovered in the mouse (Melchers ei al^^ and 
references therein) and their organization differs between mouse 
and human (Mincgishi et al^'' and references therein) VprcB and \5 
proteins are noncovalently issociated on the surface of B-cell 
precursors and together form a XLC-Iike strucmre. In cum, \5 is 
covalentiy coupled to the 0^1 domain of jiHC via a carboxy- 
terminal cysteine. Readers are referred to an earlier review for 
details on the original identification and characterization of the 
VpreB and \5 genes artd iheir encoded proteias,^^ 

Analysis of the structure, expression, and function of the human 
pre-BCR has been facilitated by che development of mAbs against 
recombinant \|/LC prowins.^^^* The initial panel of mAbs made 
against the human \|/LC was used to characterize cytosoUc and 
cell-surface fiHC/4rLC complexes and surface expression of 
3^,40 ^ major conclusion in the original study^ was that 
surface jiHC/v(^LC expression was restricted to the prc-B cell 
companmcnl (ie. CDl9'*"/CD34" cells in Figure 2): this suggests a 
critical role for the pre-BCR at a relatively late stage of B-cell 
development. Subsequent studies using other mAbs yielded conflict- 
ing re.su Ics.^^-^^-""^ A major difference was the identification of 
normal and leukemic pro-B cells (ie, CD19-^/CD34-/mHC~) (hat 
stiiined with unti-VprcB mAb.--" '^'^ The low levels of cell-surfuce 
ifiLC. cUffcrcnceti in the subtype ol the mAb (ie. [gM versus IgCl ), 
itnd differences in epitope recognicloti by various anti- VpreB mAbs 
were among the explanations offered for the conflicting results. 

A series of papers describing new antihumun VpreB mAbs"''^''*' 
has provided some resolution lo past discrepancies. The recent 
vintage of anti-VpreB mAbs includes mosily^IgGl subclass mAbs. 
thereby eliminating potential problems that can confound the use of 
[gM reagents. The ami- VpreB mAb produced by Wang and 
colleagues binds to the surface of prc-B ceil lines, but only binds lo 
pro-B cell lines following pcrmeabilixation, '^ As expected, normal 
CD 19' human B-hneuge cell.*: coexpressed low levels of cell 
surface \iHC and VpreB, and approxiinately 20% of the CD 1 
VprcB" cells were weakly CD34'^.^'=' Interestingly, cytoplasmic 
VpreB' is expressed in CD34 VCDlQ" lymphoid progenitors at a 
stage prior to v-to-DJii rearrangement." possibly the carly-B cells 
proposed in Figure 2. Tsuganezawa and coUeagucii generated 
mAbs that recognized human VpreB, human X5, or an epitope 
. expressed only on the assembled pre-BCR.-*^ Their anti- VprcB 
mAb binds to the surtace of prc-B ALL cell linCii but not pro-B 
ALL cell lines. However, cytoplasmic VpreB or \5 were detected 
in the majority of pro-B ALL cell lines and freshly isolated pro-B 
ALL,-^'* In contrast, the anti- VprcB mAb produced by Gauthicr and 
coUeagues^** binds to the surface of some pro-B ALL cell lines.^^ 
One of these pro-B ALL cell lines (designated JEA2) was shown 
to express cell surface VpreB in association with poorly character- 
ized molecules of approximately 105 to 1 30 kd. Interestingly, 



SEP. 27, 2000 5:44PM LIBRARY & INFO SVCS 650 3299526 NO. 0492 P. 5 



12 LeBIEN 

cf OSS-linking VpreB on che m~ JEa2 pco-B ALL cell line icd lo an 
increase in Ca*"*" flux, suggesting that VprcB was one component 
of a putative signaling receptor on the surface of at least some 
pro-B ALL cells.^^ These authors ulso detected cell-sorface Vpf»B 
on CD19'*'/CD34"*^ normal pro-B cells and used chis dau to argue 
for the existence of 2 distinct populations: CDl9**'/CD34-*-/fiHC~/ 
VpreB-*- and CD19'^/Cr>34-/^HC'^A^prcB'^. However, there is no 
biochemical evidence that VpreB i$ associated with a protein (or 
proteins) other than iMC on the surface of normal human B-cell 
precursors. Wc have used one of tJhe anti -VpreB mAbs (VprcB 8) 
made by Wang and colleagues^'' to analyze VpreB expression in 
fetal BM B-lineoge cells. Our results indicate that VpreB is 
expressed on the surface of 5% lo 10% of the B-cell precursors (ie, 
PTO-B plus pre-BI plus pre-BII in Figure 2), Furthermore, within 
the VprcB* population, approximately 90% of the cells are 
CD19VCD34-, and approximately 10% arc GD19"*'/CD34*. Re- 
sults from our laboratory show that CD34*/VpreB'^ cells also 
express cell surface mHC (J. A. R. Pribyl, N. Shah» R E. Bcnrand. 
T. W. LeBien» 1999, unpublished data). Thus, we be\ieve that n>ost, 
if not all. CD19^/CD34*A^preB^ normal B-Iineage cells express 
the conventional prc-BCR. Since the vast n:iajority of surface 
VpreS^^ cells are CD34", 1 show the expression of the pre-BCR on 
prc-BI and prc-BII cells only (Figure 2). The VpreB* cells that 
weakly express CD34 could be dcvclopmcntally more similar to 
prc-BI ceils than pro-B cells, but this has not been tested. The vast 
majority of B-Iincagc ALLs express cytoplasmic or surface 
VpreB,^^'^^ probably reflecting the general phenotypic similarity 
between normal and leukemic B-cell precursors. 

The impot^cance of the vj/LC to normal B -cell development was 
first elucidated in a classic study demonstrating that mice with a 
targeted disruption in the K5 Iocur exhibit a block at the pro-6 to 
pre-B transition. The block in B-cell development probably 
occurs because cells at this transition fail to receive a positive 
selection signal through the pre-BCR. However, the block is not 
absolute since the number of B cells in secondary lymphoid ti.ssues 
gradually increases over time, probably owing to the emergence tif 
B cells that rearranged kLC genes prior to jjHC genes.-'- The 
importance of the \[»LC in human B-cell development has been 
underscored by the discovery of an agammaglobulinemia patient 
wkh mutations in both X5 alleles^-^ (See below). Immunologic 
analysis of this single patient indicated a disruption in B-ccll 
development more ^^evere than what occurs in X5-de]ficient mice. 
Since only a single patient with a mucacion in the kS locus has been 
described to date, it is unclear whether the gradual recovery of B 
cells observed m K5-dehcient mice would occur in hutnans- 

How does the prc-BCR perform its critical role at the pro- 
B— 'pre-B transition? Despite heuiisiic appeal, the notion that the 
pre-BCR functions a^t a receptor for a specific ligand in the BM or 
fetal liver microenvironofvent has not been supponed by experimen- 
tal evidence. What has become clear is that only about one half the 
fiHC proteins encoded by functional VDJ^ rcarrangciTicnts are 
capable of pairing with ^LC in the mouse.**^* Circumstantial 
evidence suggests that a similar type of preferential pairing of jiHC 
and \\iLC also occurs in human pre-B cells. This pairing is 
essential for pre-BCR assembly and expression on the cell surface. 
Formation of the pre-BCR heralds a sequence of events, including 
(1) suppression of RAG-l/RAG-2 expression to ensure allelic 
exclusion at the luHC locus, (2) a rapid burst of proliferation in cells 
expressing the pre-BCR. and (3) reexpression of RAG-l/RAG-2 
and initiation of LC gene rearrangement. Are there separable loles 
for t)fLC and yHC in pre-BCR function? This is controversial, 
Shaffer and Schlissel reported that transgenic mice expressing a 
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truncated murine iliHC (incapable of pairing with \J^LC) could still 
transduce signals leading to changes in surface markers, transcrip- 
tion, and retargeting of the recombinase ensemble in B-lineage 
cells-''* The authors concluded that the \\tLC functions as a chaperone 
to facilitate pre-BCR assembly and expression, but plays no direct 
role in signal transduction. They also argued that the capacity of 
truncated pHC to mediate B-cell diffcrentiaiion in the absence of 
il;LC ruled against the pre-BCR/ligai\d model. However, uuncated 
^KC may undergo enhanced aggregation compared with full- 
length |iHC. thereby leading to increased constitutive signaling.^*^ 

Pre-BCR cross4inking in vitro ini dates signaling events, includ- 
ing Ca^** flux and protein tyrosine kinase activation.^ ^-^^ How 
could this occur in vivo in the absence of an external cross-linking 
ligand? Elegant recent smdies have provided new insight into the 
complexity of pre-BCR subunit protein-protein interactions involv- 
ing mHC, VpreB, and \5?^'^^ These scudies suggest mechanisms to 
explain pre-BCR assembly, V^j repertoire selection, and cell 
signaling. Wc might assume that signaling through the pre-BCR 
minimally requires the dimerizaiion/aggxegaiion of at least 2 
distinct prc-BCR molecular complexes on the cell surface. With the 
realization that the ^LC is a non-transmembranc-spanning polypep- 
tide complex disulfide-linked to the [jHC and exhibiting VpreB-Vj< 
Interactions, it seems possible (as proposed by Mclchcrs^'^) ihai the 
i|/LC itself could assume a ligand function for the fiHC. 

Other protein complexes with potentially similar functions to 
the pre-BCR have been described. Murine pro-B cell lines express 
the \t/LC associated with Several proteins ranging from 65 to 200 
kd, including a predominant protein of 130 kd,^^ These pro-B cell 
lines do not express mHC.^^ The protein or proteins associated with 
vJrLC in these cells have been occasionally referred to as the 
surrogate HC. A recent study using a human (i" pro-B leukemic cell 
line (JEA2) showed that vpreB is ooncovalencly associated with a 
pi 05 and possibly several other proteins on the cell surface.-- 
However, (here is no evidence rhat VpreB associates with pi 05 (or 
any other protein other than pHC) on normal human B-ccll 
precursors. The identity of the murine and human \(/LC-associatecl 
.surface proteins is unknown. A novel complex that has been 
referred to as the "calnexin pre-BCR'**'''* was recently described by 
Nagata and colleagues," The calnexin pre-BCR consists of Igct/ 
fgp noncovalently associated with (he molecular chaperone cal- 
nexin. and was detected on the surface of pro-B cell lines and curly 
B-Uneage ceUs from RAG*2-deficienl mice.^'^ Cross-linking Igp 
on ihcifc cells induced the tryosine phosphorylation of syk. ERK. 
and Pl-3 kinase in vitro, and pro-B to pre-B cell differentiation in 
vivo. A poicncial M-independent role for Igp was discovered when 
mice with a targeted disruption of the Igp gene were shown to 
exhibit a block in B-cell development prior to V-to-DJH rearrange- 
ment.^* These results^*''^" suggest a role for Ig&"*"/^iHC~ molecular 
complexes in the earliest stages of murine B-celi development. 



The IL-7 story 

An unresolved issue in studies of human B-ccll development is the 
identity of the molecule(s) essential for the growth of normal B-cell 
precursors. Much has been written of IL-7, und some historical 
perspective is warranted. Following the initial cloning and charac- 
terization of IL"? from murine BM stromal ceils more than lO years ^ 
ago,^** IL-7 was shown to be crucial for the proliferation and 
development of murine B-cell precursors. lL-7 has been cast as a 
survival, proliferation, or differerviiaiion factor depending upon the 
experimental system being employed.**^*'' Mechonistic insight has 
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b<ien gleaned from studying the effect of single amino acid 
subscicuiions on IL-7R a chain function. Corcoran and colleaguejt 
showed thai a Y-to-F mutation at amino acid residue abrogated 
the capacity of B-cell precursors to undergo IL-7-induccd prolifera- 
tion through a PI-3 kinase-dcpendent pathway,^^ interestingly, 
l\iticiional studies of the IL-7R a chain harboring this mutation 
uncovered a novel sigriaUng pathway (PI-3 kinase independcm?) 
that triggered IgH rearrangenaents and subsequent B-cell differen- 
tiation.^^ Recent studies from the same group indicated that IL-7R 
signaling can alter recombinase accessibility of 5' Vh genes.*^ The 
crtticality of IL-7 for normal murine B-cell development has been 
elucidated in gcne-iargeted mice. Targeted disruptions in the genes 
encoding the IL-7R a chain,*^ the 7c subunit of the receptors 

for IL-2, 4, 7, 9, and IS/^-^^ and the Jak3 tyrosine kinase**'^* all lead 
to severe impairment in B-ceil development. Thymocyte andT-cell 
development are also impaired, reflecting the multiple actions these 
5 cytokines exert on lymphopoiesis. IL-7 is, however, not the only 
cytoidne implicated in the regulation of murine B-ccll develop- 
ment. Kiocade and colleagues have suggested that at least 16 
disTinct stromal cell products can exen positive effects on murine 
B-ccU development.*^ One recent addition to the list is thymic 
stromal lymphopoietin (TSLP). TSLp was originally isolated from 
a murine thymic stromal cell line 7^ TSLP reportedly has the 
capability to replace IL-7 in supporting murine B-cei! development 
in vicro^* and promote the development of surface IgM* immature 
B cells from surface IgM" precursors.''^ Interestingly, the TSLP 
receptor complex consists of the IL-7R ct chain and a second 
subunit distinct from the -Vc- furthermore. TSLP induced the 
acuvaiion of STAT5 but not any of the known Jak kinases.''^ 
Whether lL-7 and TSLP work in a hierarchical or cooperative 
manner in rcguladng murine B-cel! development is unknown. 
Human TSLP has been cloned (S. Lyman, PhD, Immunex. written 
communication. May 1999). but there are no published repoas on 
its bioaciivicy on humun B-oell precursors. 

The role of IL-7 in human B-ccU development i.s strikingly 
different from its role in murine B-ceil development, fn fact, there 
is a widespread misconcepiion that lL-7 .stimulates the proliferation 
of human B-cell precursors. Part of the difficulty in determining 
lL-7 effects can be auributed to differences in the assay systems 
employed and the biological endpoints measured. Initial studies by 
us"'^ and others'"' " demonstrated that recombinant human IL-7 
could exen weak proliferative effects on normal human B-cell 
precursors in vitro. However, it was difficult to exclude the 
possibility that lL-7 was simply enhancing survival, a stronger 
effect of lL-7 was obsetved when normal B-ce)I precursors were 
cultured on human BM stromal cells. Under these condi- 
tions, CD 1 9^ B-lineage cell numbers increased by lO-fold to 
20-fold over 2 ro 3 weeks in vivo, but underwent rapid cell death 
thereafter. 

Biological insight into IL-7 function in human B-cell develop- 
ment has been gleaned from congenital immanodeficiency patients. 
Patients with X-linked severe combined imutnunodeficiency (XSCfD) 
have mutations in the -y^ subunit of the receptors for lL-2. IL-4, 
IL-7, IL-9, and IL- 15, XSCID patients have severe defects in 
development of T and NK cells, but have normal or even elevated 
numbers of peripheral blood B cells.*'' Funhermore. immunodefi- 
ciency patients with auio-somal recessive mutations in the iak3 
tyros^ine kinaut exhibit a developmental phenotype indistinguish- 
able from XSCID, including normal numbers of peripheral blood B 
cells.'*'" Likcwi*;e, 2 patients with mutations in the IL-7R a. chain 
(hat led to defective expression also had normul numbers of 
peripheral blood B ccUs.*"^ These collective experiments of nature 
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clearly indicate that IL-7 signaling is not essential for at lease the 
numerically normal development of human B lymphocytes. My 
laboratory used a human BM stromal cell culture system to show 
that HSCs could develop into B-Uneagc cells independently of IL-V 
stimulation Our results are in accord with B-cell development 
occurring in pauents with XSCID. However, extensive prolifera- 
tion of the pro-B cell compartment does not occun^' and it is 
presumptuous to assume that this in vitro mode] completely mimics 
B-cell development occurring in patients wiih mutations in the 
IL'7 pathway. 

Although not essential for human B-ceU development, IL-7 
does transduce signals diat lead to specific changes in gene 
expression. Proliferation of CD19'^/CD34"^ pro-B cells on human 
BM stromal cells is enhanced by inclusion of exogenous 
IL-7 srimulaiion induces a specific increase in cell-surface CD 19 
on human pro-B cclls**^ ^*^ and a decrease In Rj\G-L RAC-2, and 
TdT messenger RNA (mRNA) levels. There may be physiologic 
relevance to these results. For example, IL-7 expression in situ has 
been detected by RT-PCR analysis of human BM biopsies,^* The 
idendcy of the human BM cell producing IL-7 in vivo is unknown, 
although small amounts (less than 2 pg/mL) of IL-7 can be detected 
it; supematants from vascular cell adhesion molecule-! (VCaM-1) 
(CDV06)'^ BM stromal cells in vitro.''^'^''" Similarly, purified 
VCaM-1^ murine BM reticular cells express cytoplasmic 
IL-7 protein.*^* 

The complete identity of the human BW( stromal cell-derived 
molecule (or molecules) that transduce signals essential for human 
B-cell development (including the counterpart of the murine rL-7 
"signal") is unknown. Part of the difficulty in identifying an IL-7 
alternative is that lL-7 could acr on at least 3 distinct stages of 
lymphoid cell development: CLPs, early*B cells, and pro-B cells 
(Figure 2). The cell-cycle disposition and self-renewal capacity of 
these compartments have not been determined. However, we do 
know that humun CD19~ progenitors^ and pro-B cells-^ are IL-7 
responsive. Figure 3 shows -several cytokines thai could regulate 
human B-ccil developmenL The cytokine-responsive target cells 
would include CLPs, eariy-B cells, and pro-B cells. The BM 
stromal cell molecules that regulate development could be secreted 
or cleaved from the stromal cell surface. The secreted or cleaved 
products could in turn be bound to stromal cell proteoglycans such 
as heparan sulfate proteoglycans (HSPGs). Several candidates 




Fl^uro a. BM alromo) ce))--darlvad moleculeo tn«t could tran«dvQo »urvivttt/ 
growth. dlffor«nfl«WQn. or chemotactle 9(9n»la to CLP, early-B. or pco-B caWa. 
MSPG tndicalds heparan au'fat© pro^fOQlycan. Th« dashed arrow indicates ihai the 
membrano-bound (orm o' FH3 ligand Is cleaved at the fitronnai ceil surface. The 
question mark Indicatea (he unkftow^n growth (actor iha( could tsind to HSPG. IL-7 and 
(he unknown growin factor are shown binding directly to \f^Q\r cognate receptors, or 
binding hSPG followed by binding to iheirco^ete recapfors. 
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come to mind. Namikawa and coUeagues reported ihftt a combina- 
tion of IL-7, IL-3, and FIt3 Ugand is superior co IC'7 aione in 
supponing human pro-B cell growth on murine BM siromal cell^.^'^ 
My laboratory has confirmed their observation using human BM 
stromal ceils (J.A.R. Pribyl and TW. LeBien, unpublished observa- 
tions, February 1999). Flt3 ligand is produced by BM stromal 
ceii^sM? (also in our unpublished observations, Februiiry 1999) and 
could poteniially stimulate similar cellular compartments and 
transduce similivr signals to Oritani and Kincadc developed a 
cloning strategy to identify murine BM .stromal cell gene products 
diat bind lo munnc pre-B ceUs,^*^ One of the molecules identified 
was a secreted extracellular matrix glycoprotein designated SCIf 
UCMiy^ Soluble itnd immobiUzed SC 1/ECM2 enhance the growth 
of IL-7-<icpendent nnurine pre-B cells,^-**^ but the mechanism of 
enhancement is unknown. Imeresdngly, the carboxy terminus of 
SC1/ECM2 has high amino a%id sequence homology to osteonectin/ 
SPARC,^^ which reportedly can bind cytokine;;, such as platelei- 
derived growth factor," A human homologue of SC1/ECM2 
(designated hevin) has been cloned from high endothelial ven- 
ules^**^ bm it is not known whether hevin has any effect on the 
growth of human B-ccll precursors. HSPGs play a critical role in 
''presenting" cytokines to survival/growth factor receptors on 
lymphohematopoieiic ceils. HSPGs expressed on murine B -lineage 
and BM stromal ceils can bind and enhance the growth of 
IL-7-dependent murine prc-B cell lines.'^ Funhermore, heparan 
sulf^itc is important for cytokine-mediated expansion of human 
long-term-culturc-iniiiaiing cells,^* Therefore, a currently un- 
known molecule produced by BM stromal cells could bind to 
HSPGs and mediate survival/growih of human B-cell precursors 
(Figure 3). 

\ BM stromal cell product stiown in Figure 3 thsit potentially 
provides a unique function in B-cell development is the chcmokine 
stromal cell-derived factor-l (SDF-1). Mice with targeted disrup- 
tions in the genes encoding SDF-1 and its receptor CXCR4 exhibit 
perinatal monality owing to perturbations in organ vascularization 
and lymphohcmatopoiesis.^^-'** B lymphopoiesis and myclopoicsis 
are severely impmred,*'^'^'' and a recent study concluded thai i\ 
functional CXCR4 receptor is essential for retention of B-ccH 
precursors in the BM microeavironment.^*^ CXCR4 hu.s a complex 
pattern of expression on CD34^ lynnphohematcpoietic cells ;\nd 
CD 1 9^' B-lineage cclis.''^-^*^'-'^^ CXCR4 is expresiicd at stages of 
B-ecU development, but CD19^/CD34-/LC- pre-B cells and 
mature B cells express higher levels than CDI9'^/CD34"*' pro-B 
ceils. In[ere^;lingly. SDF-1 -mediated signaling pitthways lead- 
ing to calcium mobilization and chemotaxis are more rigorously 
activated in lesjt mature B-Uneage cells expressing lower levels of 
cell surface CXCR4.J02-'03 Thus, BM SDF-1 may trigger signalling 
pathways that regulate chemotaxis of B-cell precursors to "pre* 
ferred sites" of proliferation within the stromal cell milieu. It is 
noiewonhy that SDF-1 is expressed in human fetal liver biliary 
ductal plate cpitheHat cells, in apposition to lymphoid cells 
expressing VpreB.^*^ 



Models of human B-cell development 

establishment and characterization of in vitro culture systems that 
at least partially mimic the in vWo BM microenvironment have 
been exitcmely importivm for advancing our understanding of 
human B-cell development. Progress in this area has been facili- 
tated by the use of BM stromal cells as a supportive microenviroa- 
mem. Adherence of B-ccll precursors to BM stromal cells is 
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essential for normal niurine and human B-cell development 
(reviewed in Kincade ct al,^^ Jarvis ct al,'t>5 and Ryan et al^'''^). 
Binding of very late antigen-4 (VLA-4) (CD49d/CD29) expressed 
on human B-ccII precursors to VCAM-l on human BM stromal 
ceils is ihc primary molecular interaction that facilitates adhesion 
of these 2 cell types Cytokines can regulate levels of BM 
stromal cell surface VCAM-l » thereby influencing the capacity of 
these cells to support B-cell precursor adhesion.'^ Tliere is 
substantial evidence that cross-linking VLA-4 with VCaM-1 or the 
CS-1 domain of fibronectin can trigger a protein tyrosine kinase 
cascade in B-lineagc cells. However, there is no evidence diac 
VLA-4 triggers a reciprocal activation of VCAM-l culminating in 
3 signal transduced in BM stromal cells. Lymphoid cell contact 
with human BM stromal cells can transduce signals leading to 
protein tyrosiae kinase acrivacion"*^ and tyrosine phosphoryla- 
tion of focal adhesion kinase, paxilHn, and ERK2."' This 
signalitvg pathway is independent of VCAM-L'*^ To what degree 
these bi-directional (B-cell precursor BM stromal ceil) 
signaling events might influence B-ccIl developmental fates in vivo 
is unknown. 

Prompted by our success in establishing in vitro human BM 
stromal cell culture condinons that support the adhesion'*'^ and 
short-tenm gfowth^*''^ Qf B-cell precursors, we asked whether a 
more expanded model of B-ceil development could be established. 
In an effon to foster physiologic relevance^ we FACS-purified fetal 
BM CD34'^/CD19- HSC and plated them onto third-passage, 
nontransfonned human fetal BM stromal cells.^' CD34'^*/CD19~ 
HSCs underwent commitment and differentiation into the B-lin- 
eage over a 3-wcck period.*^ A hierarchy of developmental changes 
consonant with B-cell development in vivo occurs in this in vitro 
model, including (1) loss of CD34 expression, (2) a continuum of 
increase in cell surface CD19, (3) emergence of cytopla^imic i^iHC 
prc-B ceils, including some expressing the cell-surface pre-BCR, 
and f4) emergence of immature B cells expressing p/K or f^/X SCR. 
As discussed above, sevenil lines of evidence rule out a manOmory 
role for IL-7 in this culture system.^' The fact thiicCD34-^"7CDl 9" 
HSC can differentiate all the way to immature B cells demonstrates 
that human feral BM stromal ceils can provide the dcveiopmentu) 
cues necessary to traverse ihe major checkpoints defined by 
rearrangement of HC and LC genes. This human BM stromal cell 
culture does not .supporr a dramatic numerical expansion of ;my 
lipecific compartment of B- lineage cells, probably attributable to 
the exclusion of fetal bovine serum and exogenous cytokines. It i.s 
also conceivable that the BM stromal cells in thi.s culture (which 
are exclusively adventitial reticular/fibrobiastUke cells by third 
passage) do nor represent the totality of BM stromal cell compo- 
nents essential for optimwl proliferation U\ vivo. 

At the time we were developing our human BM stromal cell 
culture, Rawtlngs and his colleagues were developing an in viiro 
culture using the murine S 17 stromal cell line."^ They originally 
showed that enriched CD34"^ cord blood cells would develop into 
CD19' B-lineagc cells after 3 to 4 week&,'*^The CD19^ B-lineage 
cells were at a very early stage of B-cell development since bulk 
culture analysis by Southern blotting indicated no rearrangements 
at-, the IgH locus J These CD 19" B-Uneage cells could be 
expanded following transfer to fresh S17 stromal cells, but did not 
proliferate following stimulation with IL*7 or stem cell factor 
(SCF), A follow-up report showed that inclusion of Flt3 ligand 
enhanced the development of CD 19* B-Uneage cells by twofold to 
threefold,''^ We have recently shown that inclusion of Flt3 ligat\d at 
the initiation of our human BM stromal cell culture also enhances 
the development of CD19* B-lineage cells (J.A.R. Pribyl and TW. 



. 27. 2000 5;46PM LIBRARY I INFO SVCS 65 

3U00D. 1 JULY 2000 • VOUUME 96, NUMSeH 1 

LeBien, unpublished observations, February 1999), providing addi- 
tional suppon for a role of FIt3 ligand in human B-cell develop- 
ment (Figure 3). 

Given the differences in the tempo and degree of B-cell 
development in the 2 models, we conducted a side-by-side 
comparison of murine S17 stromal cells and human feial BM 
stromal ccUs.^*^ When human fetal BM 0034-^ HSCs were 
cultured on human fetal BM stromal cells or human skin fibro- 
blasts, robust differentiation to the immature B-ceii stage occurred 
within 3 weeks. **** In contrast, CD19'*^ B-lineage cells emerging on 
S17 stromal cells within the same ximc frame had twofold lo 
fourfold higher levels of cell-surface CD19, but no cells expressing 
die BCR.*^'* Human and murine S 17 stromal cells therefore differ in 
their capacity to suppoa human B^cell differentiation under the 
conditions in which wc compared ihcm. The identity of the soluble 
or membrane-bound stromal cell molecules important \n both 
cultures is unlcnown. When CD34^ cord blood HSCs are culnircd 
on S17 stromal cells for 6 to 8 weeks, small numbers of 
cytoplasmic aad surface mHC"*" cells can be detected,*^^ Fuithcr- 
more, transferring these 6- to 8-week cultures onto CD40 ligand 
(CD 154^) ftbroblasts supplemented with IL-4 and lL-\0 results in 
terminal human B-cell differentiation to Ig-secrciing cells. ^'^ 
Murine stromal cell lines other than S17 also support the develop- 
ment of CD19^ human B-lineage cells from CDIA* cord blood 
HSCsJ***-*'^ Two of these studies showed that a combination of 
SCF and granulocyte colony-sumulating factor would enhance the 
outgrowth of B-cell precursors.^ 

The nonobese diabetic-severe combined immunodeficient (NOD- 
SCID) mouse has become a popular tool for studying engraft- 
ment and development of human HSCs in vivo (for review, see 
Greiner ei al*2i). The CD34^-^/CD38- HSC that engrafts in 
NOD-SCID mice has been designated the SCID-repopulating 
caWnz Development of CDI9-*- B-Iincage cells from human 
CD34+ EM or cord blood HSCs transplanted into NOD-vSClD 
mice has been reported by several groups. '2^''-** The degree of 
human B-cell differentiation wa^i variable in ihcse studies, although 
spleen and peripheral blood B cells expressing surface piHC and k 
or \LC were detected in 2 studies. '^-'^^yj^^jg^ results indicate that 
xenogeneic factors produced in NOD-5CID mice can promote and 
support multiple stages of human B-cell development. The murine 
BM appears to be the primary site of engrafiment by human CD34^ 
HSCs, It follows that commitment into the human B-lineage and 
traversal through the pre-BCR and BCR checkpoints is likely 
to occur in murine BM, aUhough this hrts not been directly 
demonstrated. 

How can these in vitro and in vivo models of human B -cell 
development be further reHned? None of the in vitro BM stromal 
cell cultures described thus far fully recapitulate the complex 
microenvironment in which B cells develop. For cxumple. the 
adventitial reticular (fibroblasdike) adherent cell in the human BM 
stromal cell culture is only 1 component of the BM microenviron- 
ment. No one has examined the capacity of other BM microenviron- 
memal cells (eg, osteoblasts, BM microvascular endothelial cells, 
macrophages) to support or modulate B-cell development. One 
technical problem is the difficoUy in purifying and establishing 
long-term cultures of human BM stromal cell components. SV4o 
large I antigen ^^"^ or human papilloma vinis E6/£7 genes are 
capable of immonalizing human BM stromal cells. These stromal 
cell "lines" have been used to study hematopoicsis (eg, Li ei al'^'*), 
but no reports have described their capacity to support human 
B-cell development. Another possible strategy for long-term main- 
tenance of BM stromal cells would he overexpression of the 



3299526 " 'NO. 0492 P. 8 

FATES OF HUMAN B-C6LL PHGCURSORS 15 

cumlyiic subunit of telomerase. which has been shown to exceed 
the life span of human fibroblasts by up to 20 doublings. 
Development of stable long-term BM stromal cell cultures would 
facilitate the isolation of potendally novel genes that encode 
survival/growdi factors reguladng human B*cell development 
using, for example* the cloning/screening strategy of Oriiani and 
Kincade,**^ A more detailed analysis of the NOD-SCID mouse 
might focus on whether fetal liver or BM scromal cells are 
eompmble to human BM stromal cells in supporting human B-ceU 
development. It is conceivable that a highly conserved murine 
cytokine is as effective as its human homologue, in which case 
murine stromal cell complementary DNA (cDNA) libraries could 
be screened for binding to human B-lineage cells.^ 



B-lineage imrtiunodeficiencies 

Dramatic progress has recently been made in identifying the 
generic defects in many congenital human immunodeficiency 
diseases.'^^ These diseases are largely classified on the basis of 
which cellular component or function of the immune response is 
defcctive.13^ By the grace of good hindsight, it is not surprising that 
immunodeficiency diseases that primarily affect B-cell develop- 
ment or B-cell function involve genes encoding protein compo- 
nents of the pre-BCR, BCR, or signaling pathways activated 
following cross-Unking these receptors.^-' The degree (o which 
B-cell development or function is altered in these patients shows 
many similarities and some differences compared with the pheno- 
type observed in gene-targeted mice. 



X-linked agammaglobulinemia (XLA) 

XLA is the prototype immunodeficiency disease thai specifically 
uffects the B-HncagcJ^'-'-^^ The Bmton\s tyrosine kinase {BTK) 
gene encode?; a cytosolic 659-amino acid protein that is mutated in 
the va.^t majority of boys diagnosed with XLA.''*'^ '-^-^ BTK muta- 
tions are found in 80% to 90% of patients following a presumpdve 
diagnosis of XLA based on early-onset hypogammaglobulinemia 
and few or no detectable peripheral blood B cells, '^^ More than 300 
mutations have been identified in (he BTK geoe,'^'' and mutations 
have been mapped to all 6 of the functional domains,''*' The 
majority of XLA patients have profound hypogammaglobulinemia 
afflicting all immunoglobulin classe.^t and fewer than 1 % of normal 
numbers of peripheral blood B cells. A single study of 8 patients 
indicated that maturation arrest occurred at the pro-B/pre-B 
interface, ie, between CD19'*"/TdT+/cytoplasmic ^iHC" and CD19 V 
TdT-Zcytoplosmic mHC* populations. 

The xid mouse, a murine model of X-I inked immunodeficiency 
disease, harbors a mutation in the Brk gcnc.*^ Mice with targeted 
disruptions of Bik have a defect in B-cell development that is 
identical to the xid mouse. As discussed in detail else- 
where.'-^''" !"^''*^ xid and Btk gene-targeted mice have a much 
milder form of B-cell immunodeficiency than XLA patients, 
characteriiied by reduced levels of only 2 immunoglobulin sub- 
classes (IgM and l£03) and B cell numbers reduced by only 30% to 
50%. Comparison of B-ceU developmental defects in mice and 
humans led mmy investigators to conclude that loss of BTK 
function has more severe consequences in humans. This could be 
explained by compensatory/redundant kinases operating in murine 
B-ccU development or by a difference in the role of BTK in murine 
and human pre-BCR and/or BCR signaling pathvvays, A more 
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miriguing possibitiiy is the potencial comribuiion of modifying 
genetic factors/mocJificr alleles (ie, their gene products) in facilitat- 
ing the traversal of pro-B to prc-B cells in XLA padcms. This 
may explain the vaaability in immunologic symptomR present in 
family members with idemtcal genetic backgrounds. Despite 
considerable effort^ no correlation has been determined between 
XLA genotype and the severity of clinical symptoms in XLA 
patients. Whether human XLA has a more severe defect in B-cell 
development than the murine models is still a matter of some 
controversy, but the unique function of BTIC in B-cell development 
in both species is undeniable. 

The role of BTK in signal transduction pathways has been 
extensively studied, and Rawlings has recently reviewed this 
subject.^^* BTK is expressed throughout the B-lincage, but expres- 
sion decreases in terminally diffcrentiared plasma cells. '^'^^^ g^j^ 
activaiion following BCR cross-Hnldng has been studied in de- 
tail Briefly, BCR cross-linking acdvates PI-3 kinase, which 
generates limiting amounts of membrane-associated Pl-3,4,5- 
uisphosphate. The latter recruits cytosolic BTK to the membrane 
by interacting with the BTK $H3 domain.'*^ BTK activation then 
proceeds through 2 seeps; transphosphorylacion of Y551 within the 
BTK kinase domain {most likely by the src family kinase Lyn). 
followed by autophosphorylation of Y223 in the BTK SH3 
domain,'^' Membrane-associated BTK then binds to an unidenti- 
(ied tyrosine-phosphorylated ligandJ-^ which facilitaies co- 
localization of BTK with phospholipase Cy (PLC-v), aciivaiion of 
PLC'7, and culminauon in a sustained calcium signal involving 
extracellular calcium influx. '"^^ Very recent smdies suggest that the 
•^unidentified tyrosine-phosphory laced Hgand" could be the B-ccll 
linker protein (BLNK).*'^ The outcome of this complex padiway 
leading to sustained calcium aigrvaiing is enhanced proliferation and 
changes in transcription. I would emphasize that this model of BTK 
function has been developed with the use of BCR cross-linking as 
an activation stimulus. Evidence that BTK functions through the 
same pathway following pre-BCR activaiion is lacking- It Is 
possible that once the prc-BCR becomes activated (eg, through 
ligand-indcpendeni [onic signals as discussed above), BTK occupies 
a critical point in the pre-BCR signaling pathway whose function Is 
nonredundanc. Given the complexity of BTK protein domain 
organization, it is remarkable that so many distinct BTK mutations 
culminate in a relatively similar block in B*ceU development. 



Non-X-tlnked agammaglobulinemia 

As discussed above, 10% to 20% of B-Uneage immunodeficiency 
patients do not harbor 5 7X mutations. Maiy Ellen Conley and her 
colleagues have systematically screened BM DNA samples from 
patients lacking BTK mutadons in an effort to identify other 
mutated genes chat could underlie these immunodeficiency dis- 
eases. By this approach, they have identified patients with muta- 
dons in the |iHC,'^° the \3/14.1 component of the 4/LC," and 
Igot.*-' Seven patients from 3 families harbored mutations that 
disrupted the )^C.'^^ These included 75-kb to lOD-kb homozygous 
deletions of the D and J regions plus the \i constant region, and a 
homozygous base-pair substitution that removed an alternate splice 
site used to generate the membrane form of the mHC. Analysis of 
peripheral blood from 4 of 7 patients revealed no detectable B cells, 
i»nd analysis of the BM from 1 of the 4 e valuable patients indicated 
maturation Eirresc at the pro-B to pre-B interface. '^^ In a second 
report, a S-^year-old boy with severe hypogammaglobulinemia was 
found to have fewer than 1% of the normal number of peripheral 
blood B cells.^- A detailed analysis of the mutated \5 alleles and 
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their encoded proteins suggested that the mutated K5 protein 
underwent improper folding and was subsequently degraded.^^ 
Analysis of this patient's BM suggested a block at the pro-B to 
pre-B transition. In the most recent report, a 2'year-old girl with 
agammaglobulinemia was found to have a deletion of exon 3 iti the 
gene encoding Igot.*^^ This exon encodes the transmembrane 
domain of Iga leading to the prediciion chat the fga transcript made 
in this patient would encode a truncated protein incapable of 
assembling widi the pre-BCR- Analysis of this patient further revealed 
the complete absence of peripheral blood B cells and a block at the 
pro-B to pre-B transidon. A non-3CLA patient with a block at the 
pro-B cell stage and a decrease in Ig«, Igp, and Vh-Cu transcripts 
may represent yet another distinct mutation in genes essential for 
B-cell developmentJ^^ Xtis remarkable that mutations in BTK and 
genes encoding components of the pre-BCR can lead co a relatively 
similar block in B-cell dcvelopmeut at the pncv-B to pre-B transition. 
Figure 4 suggests why diis may occur Expression of the pre-BCR 
requires assembly of ihe yHQ it/LC, and Igo/IgP subunits. Any 
mutation that leads to an absence of one subunit will block full assembly 
of the pre-BCR. The physical absence of an intact pre-BCR will result in 
a failure of the pre-BI compartraem (Figure 2) to expand. Independently 
of how the pre-BCR signals, the presence of the Ig<x/Igp hetcrodamer 
predicts chat pne^BCR and BCR signaling pathways will be highly 
conserved--*' '^* Thus, in XLApadents, pre-BCR cross-linking would be 
normal ar least co the point where BTK is translocated to the membrane, 
but BTK-dcpcndeni events leading to a sustained increase in Ca*'*' flux 
would be greatly decreased or absent (Figure 4). 



B-llneageALL 

In approximately 75% of pediiitric patients with newly diagnosed 
ALL, (he disease is classified as B-lineage in origin on the basis of 
immunoglobulin gene rearrangements and expression of cell 
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Ptgu;« 4. Components of th« prfr-DCR antf pr^'BCR olgntKn^ pathway* disrupted In 
Wfiwaga tmniunodaflctonclM. tTte (•ft «ki«i shows th« awembly ct th« structural 
components of (he pre-BC«; pHG, ^^/tC. and trv* fgo/lgp haterodimar. for sirnplicity. 
only the formation of a Fat> la shown. A9 dlecua$i)ci to me wxi. ihe mechanism of 
pr©-ecR crosa-ltnWng unknown. 6y whatever machaflism, pra-BCR c^oas-ilnking 
act(vai«s pfO(6in tyrosine H)n«$«$ (PTKa) such as Lyn, iotiowod by a complex sartea 
of evania (see e«nachQp «i aP* «ncf RAwrtnga'M for detailed r^iews) culminating in 
inHial acllvatlon of PLC*v. ConconnUar\t acUvarion of P»-3 k/'naaa J«4ds to proaucticn 
of Pf (3,4,5) P3. which recruits BTK to i/i* membmna where itta phosphorylalad b/ 
Lyn. BTk th«n phoflphory(ata» PLC'>, leadtOQ to suatalned Ca' " flux and onhance- 
mem of grewih. The aaa©mb(y (solid afrowa) or Signaling pathways (dashad arrowe) 
disnjptad In an^iOody-doftclency diseasea ate shown by an X and a number (1 
Indicates mutation lr\ iga. ihat vwuld Impair pra-BCR assembly; 2 inoicalea mutarlon in 
»irUC (hat would impaic pra-BGR asaambiy: 3 indicates mutation in pHC that woutd 
impair pra^QCR asaembiyj 4 IrKticatea dTX mutation In pleckalrin homology domain 
(ttV would compromlaa blndtf^g to P\ (3.4.5) P3; and S Indlcaids BTK mulaMon in 
calalyltc tite lhai would compromlsa tyrosine phospHoiylaiion of PCL'y), 
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surface markers. '^^''^^ The karyoiypic and molecular genetic 
abnormalities in B-lineagc ALL have been extensively character- 
ized. '-^^"^^^ and chromosomal iratislocauo)t>5 giving rise to distinct 
fusion genes including TEL-AMU, MLL'AF4 (or MLL rearrange- 
ments with Other genes), and EZA-PBK arc present in more than 
30% of newly diagnosed pediatric B -lineage ALL. However, ihe 
totality of molecular genetic abnormalides in B*lineage ALL is 
much greater than these landmark translocations. Despite this 
impressive progress, there is still a deficiency it\ our understanding 
of how these many genetic abnormalities ultimately subvert normal 
B-ceU precursor developmental programs. Related questions are 
how these genetic abnormaiiiies tip the survival scale to apoptotic 
resistance and whether external cues (ic. cytokines) play any rc^ie in 
reguladng the survival/growth of B-Iineage ALL in vivo. 

The universal common denominator of pediatric B-lincagc ALL 
is a 3M origin of the disease. Ho>wcver, as discussed by Greaves, '^^ 
infant and pediatric ALLs are biologicaHy and cUnically distinct 
diseases. For purposes of this discussion, we will consider both of 
them as '*B-lineage/' even chough infant ALL with MLL-AF4 
translocations have characteristics of bi-phenoiypic B-]ineage/ 
myeloid cellsJ^* Manifestation of molecular genetic abnormalities 
shifts the B-cell precursor developmental program from (I) a 
process governed by functional immunoglobulin gene rearrange- 
mems and appropriate homeostatic response to positive and 
negative growth regulators lo (2) a transformed clone more 
resistant to apoptosis and (generally) incapable of undergoing 
differentiation. The apoptotic death of normal B-cell precursors 
probably resembles death by neglect, '^"^ ie, an apoptotic fate that 
follows decreased availability or absence of a continuous survival 
signal. Neglect might reflect primarily the fate of a cell that cannot 
c^prcsj; the pre-BCR (eg, a cell with 2 nonfunctional jiHC 
rearrangements) and hence does not receive a tonic (survival) 
signal that follows pre-BCR expression. Normal murine and 
human B-cell precursors express aniiapoptotic bc(-2 family mem- 
bers such as bcl-2 and bcl-x,^'^''^''-'*''* but arc nonetheless very 
sensitive to upoptotic stimuli. 3'* Many laboratories have studied 
B-lineage ALL for expression of bcI-2 family mcmbcT-s in an 
atccmpt to determine whether expression can be correlaied wiih the 
clinical or biological characteristics of the disease. '^'■"^'^ The results 
of these studies are quite variable, and no simple conclusion can be 
drawn regarding bci-2 family member expression and clinical 
outcome. Subcellular distribution (pmicularly in mitochondrial 
membranes) and homodimerizaiion/heierodimerixarion characteris- 
tics of bcl-2 family members arc crucial in determining apoptotic 
sensitivity in mttny eukaryouc cells. ^^^''^'^ U is therefore interesting 
that a recent study suggested that mitochondrial levels of bcl-2 may 
ponend the sensitilviiy of leukemic cells to apoptosis.''^ 

A fascinating relationship between a molecular genetic abnor- 
mality and apoptotic resistance in B-iineage ALL is the E2A-HLF 
translocation. The E2A-MLP Fusion gene occurs as a consequence 
of the i(]7;19)(q23;pI3) in some cases of pro-B Ahh}^^'^"^^ The 
E2A-HLF fusion protein coniains the trans activation domains of 
the transcription factor E2A tethered to the basic leucine zipper 
DNA-binding domain of the transcription factor HLF Inaba and 
colleagues demonstrated chat a dominant-negative form of E2A- 
HLF induced apoptosis in a "human pro-B ALL cell line harboring 
the E2A-HLF translocation, and trans fee ti on of a murine IL-3- 
dependent pro-B cell line with B2A-HLF reversed apopiosis that 
normally occurred following IL-3 withdrawal.'*^' These data strongly 
sugnesi thai E2A-HLP funcrions by blocking an early step in an 
apoptotic pathway. '■'^ Reasoning that JL-3 mediates cell survival by 
activation of t or more transcription factors whose activity can be 
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substituted by E2A-HLF, the same group went on to show that 
nuclear factor regulated by E>-3 (NFIL3) is a target gene of 
E2A-HLF.'^^ Enforced expression of NFIU promoted the IL-3- 
independent survival of pro-B cells. '''^ Two recent studies used 
representational difference analysis to identify additional genes 
regulated by E2A-HLF.*'^^'»^^ One smdy identified Annexin Vin 
and a novel cDNA designated SRPUL, but neither protein pre- 
vented apopiosis in murine pro-B cells deprived of rL-3-*''* In the 
second study, E2A-HLF was shown to up-regulate a zinc-finger 
transcription factor designated SLUG.*"^^ Importantly, SLUG was 
nearly as effective as bcl-2 or bcl-x in preventing apoptosis in 
IL-3-deprivcd pro-B ccUs.*"'^ Murine models of E2A-HLF medi- 
ated oncogenesis have been developed. i'^^'^'^'^ In both studies, 
E2A-HLF transgenic mice exhibited thymic hypoplasia and subse- 
quent development of thymic lymphomas. Although a block in 
splenic B-cell maturation was noted in one of the studies, 
leukeraias involving fi-Hneage progenitors were rare. 

A second fusion gene containing H2a that is grudgingly giving 
up its function is E2A-PBX1. The E2A'PBXl fusion gene was 
originally identified in pre-B ALL blasts harboring die t( I ;l9)(q23; 
pl3) cytogenetic abnormality by two groups.*'* '"^ The E2A-PBX1 
fusion protein contains the N-terminal domain of E2A fused to the 
homeodomain of PBXL This genetic abnormality is specific for 
pre-B ALL expressing cytoplasmic iiiHC and is present in approxi- 
mately 25% of newly diagnosed pre-B ALL (reviewed in 
Honger'^*^).Transgenic mice expressing the BlA FBXl fusion gene 
develop thymic lymphomas and myeloid leukemias, but not 
B-lineage maiignancies.**'''*^ Surprisingly, SM B-Uneage cells are 
reduced to 20% of normal values in E2A-FBX1 transgenic mice, 
suggesting that the fusion protein increases the sensitivity of these 
cells to apoptosis.'*' Representational difference analysis was used 
to isolate a novel WNTgene, designated WKT-I6, a.^ an activating 
[arget of £2A-PBX1.'-''^ WNT-16 is a member of the venebrate 
WNT family, which includes more than 20 genes encoding 
cysteine^rich secreted proteins thai mediate ceU-ceJl interactions. 
WNT-16 mRNA is expressed in 32A-PBXI pre-B ALL hue not a 
variety of E2A-PBX1" B-Iineage malignancies,**'* Furthermore. 
Frivled genes that encode receptors for WNT family members are 
expressed in B-lineage ALL, including those expressing E2A- 
PBXl, These data implicate WNT-16 as one component in a 
survival/growth pathway that is operative in pre-B ALL harboring 
the E2A-fiBXl fusion gene. ' 

The earliest stages of clonal expansion in B-lincagc ALL (ic. the 
subclinical phase of the disease wherein the progeny of a single 
clone begin to expand) may be characterized by a dependency on 
BM stromal ceils for survival and growth. This would be a stage in 
the natural history of the disease in which rhe BM microcnvjron- 
ment is completely intact and lymphohematopoiesis is unper- 
mrbed. How long this BM stromal cell dependency might be 
retained is unknown. Acquisition of sequential genetic changes 
may portend the emergence of a dominant subclone with a 
decreased, or complete absence of. a requirement for BM stromal 
cell-derived survival/growth factors. By the time a patient is 
diagnosed with B-Uneage ALL and the marrow is filled wiih 
leukemic blasts, a physical displacement of normal lymphohemato- 
poiesis and BM architecture will have occurred. Indeed, physical 
disruption/displacement of the BM stromal cell microenvironment 
is more frequently seen in ALL than in AML or CML.'*^^ It is likely 
that a dominant B-lineage ALL subclone would be BM stromal 
cell-independent at this stage. 

In addition to the subversion of apoptotic programs by genetic 
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Changes in B-lineage ALL, are there external cues that could 
regulaw survival/growth? Several laboratories have examined the 
effect of recombinani cytokines on the growth of B-Iineage ALL 
using short-term in vitro assays. Sporadic responsiveness co IL-3, 
and fli3-Iigand w^is observed. '^^'^ However, no single 
cyiokine has been demonstrated to exen a con^iistcnt proliferative 
effecc on a significant percentage of cases. Furthermore, die 
response to these cytokines (ic, the degree of proUferaiion) is 
generally weak. A potentially more rational approach to identifying 
growth factors is lo assunne that BM stromal cells produce the 
collective array of survival/growth factors essential for clonal 
expansion of B-lineage ALL. This assumes chat adhesive interac- 
dons exist to bring the leukemic clone into apposition with BM 
stromal cell surfacciJ and the swrrounding extracellular matrix. 
Sinularly to their nonnal countefpan:s>*'^''*^^ B-lineagc ALL cells 
generally adhere lo BM scfomal cells through VLA-4A^CaM'1 
interactionsJ^'^^"'^^ V$iog a fluorescent bead adhesion assay chat 
facilitated flow cytometric analysis of integrin expression/function. 
Gcijcenbeek and colleagues reported that leukemic ceils from 17 of 
20 B-Iineage ALL BM specimens exhibited defects in expression 
or activation of LFA-1 and VLA-4,^^^ The biological significance 
of their results is unccrrain. On the one hand, weaker or reduced 
adhesion of leukemic cells to BM stromal ceils could lead to more 
rapid egress imo the peripheral blood. On the other hand, interac- 
tion of leukemic cells with BM stromal cells generally inhibits 
apoptosis (sec below), indicating that adherence could play an 
important role in the survival/growch of B-lineage ALL. 

Adherence of B-lineago ALL cells to BM stromal cells could be 
followed by a more complex, energy- dependent interaction, charac- 
terized by migration of the leukemic cells underneath BM stromal 
cells, Interestingly, naigration (ac least in vitro) is VC AM- 1 -indepen- 
dent.'^*'* The biological significance of in vitro migmtion is unclear, 
but may reflect a chemotactic response by the leukemic cells to BM 
stromal cells. The CXCR4 chemokine receptor and iis SDF-1 
ligand may be involved in leukemic Cell migration since at least 
some B-lineage aLLs undergo chemocaxis in reijponse to SDF- 
] 102.103 3pp_ j ^jjy pp^^^Q^^ survival of B^lincage ALL,-^' 
Canvpana's laboratory has extensively examined the capacity of 
nontransformcd human BM stromal cells to inhibic the apoptotic 
fate of freshly isolated B-lineage ALL. They initially showed that 
allogeneic BM stromal cells suppon survival or inhibit apopiosis of 
the majority of B-lineage ALLs tested, although survivj^l of a 
minority of B-lineage ALL was unatfectcd?^' They went on to 
demonstrate that direct contact with BM stromal cells was neccs- 
sar>' for optimal survival of normal B-ccU precursors and some (but 
not all) B-lineagc ALLs.-^ Heterogeneity in BM stromal cell 
contact requiremems for B-Jineage ALL survival/gfowth was also 
reported by other investjgators.'^^'2w survival of B-lineage 
ALL on allogeneic BM stromal cells also correlates with prognosis. 
The probability of 4-ycar event-free survival was greater among 
patients whose leukemic cells exhibited reduced survival on BM 
stromal cells, compared with patienii; whose leukemic cells c;?hib- 
ited elevated survival on BM stromal cells. A very recent report 
from Campana's group provided snrong evidence that hypcrdip- 
loidy (51 to 65 chromosomes) in B-iineage ALL showed a 
signiticant con'elation with reduced capacity of the leukemic cells 
to survive on BM stromal ccUs.^"* This is a strong endorsement for 
the utility of this biological assay in predicting clinical outcome 
and likely reflecting the in vivo apoptotic sensitivity of this 
subcategory of B-lineage ALL, 

Many B -lineage ALL cell lines have been established, but the 
vast majoriiy (if not all) require only :^upplemcn ration of (issue 
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culture medium with fetal bovine serum for optimal growth.-''^ My 
own laboratory has established a panel of human B-lineage ALL 
cell lines that retain a dependency on human BM stromal cells for 
long-term survival and growth. Using the same human BM stromal 
cell culture employed for studies of normal B-cell precursors,^*-^^ 
we established a cell line designated BLIN'2 (B-Uneage 2).^^ 
,BLlN-2 cells express the pre-BCR, have a dic{9;20) chromosomal 
abnormality and a fai-allcUc deletion of the pl6'^^^ and jpl^^ 
genes. BLIN-2 has absolute dependence on human BM stromal 
cells for survival and growth, and direcc contact is necessary for 
opdmal growth. Removal of BLIN-2 from BM stromal cells results 
in membrane blebbing and apoptotic body formation in 72 hours. 
Using a variety of assays to characterize apoptotic fate, we have 
recently shown that BLIN-2 cell death has caspase-dcpendent and 
caspase-tndependent features.^^ Although the identity of the BM 
stromal cell molecules that are essential for growth of BLlN-2 are 
unknown, heparan sulfate proteoglycans may play at least a partial 
role.^''* We have also produced 2 additional cell lines, designated 
BL3N-3 and BLIN-4, that have overlapping but unique growth 
factor requitements compared with BHN-2.*^^ BLIN-3 requires 
human BM stromal cells supplemented with exogenous rL-7 for 
optimal growth- survives but does not proliferate in the presence of 
BM stromal ceils alone, and undergoes apoptosis in the absence of 
BM stromal cclls.*^*' BLIN-4 grows on BM stromal cells and 
undergoes apoptosis in their absence. However* growth of BLIN-4 
can be supported by a cooperative stimulus of exogenous IL^7 plus 
flt3-ligand in the absence of BM stromal cells.^'^ The BLJN cell 
lines represent a composite of growth-factor requirements that may 
mirror the physiologic dependency of normal and leukemic B-cell 
precursors on the BM microenvironment. 



Conclusion 

The general blueprint for mammaiian B-ccII development has been 
(Jetcrmined, and the investigative fine-tuning has begun. A number 
of quer>tion-s regarding human B-cell development remain unan- 
swered. For example, how does a B-lineage cell develop from a 
multiJincage progenitor (eg, a CLP in Figure I)* and how is 
B-Iineage commitment detined in molecular terms? Transcription 
factors arc obviously the key. One of the great accomplishments in 
hematology during the nineties was ihe isolation and characteriza- 
tion of transcription factors that regulate the devclopmenr o^' 
murine lymphohematopoieiic lineages (for recent reviews, sec 
Glimcher et al^" and Enge! ct al-'-), A stunning recent discovery 
dii-ectly implicated the paired box transcription factor PAX5 in 
murine 8-lineage commiimcnt.^'^-2'^ The major message from 
these 2 studies is that PAX5-deficienr murine pro-B cells (ie- 
B-lineage cells that have undergone DJh but not VDJ^ rearrange- 
ments) harbor (he capacity to differentiate into a constellation of 
other lineages — Including macrophages, osteoclasts, dendritic cells, 
granuiocyccs, NK cells, and thymocytes.-^^'^*** This surprising 
result was used to propose that PAX5 plays an essential role in 
fostering B-lineagc commitment by suppressing the expression of 
gertes that (directly or indirectly) promote development of non-B 
lineage cells. It is reasonable to assume that human B -lineage 
commitment and development are governed by similar transcrip- 
tion factors, but is there ej^perimentai evidence? Ar^swers may be 
forthcoming. Jaleco and colleagues have very recently described a 
strategy that represents the first success in elucidating the role 
of transcription factors in human B-cell development. They con- 
structed a retroviral vector encoding green fluorescent protein 
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(GFP) and the dominant negative helix loop helix protein Id3.-'-^ 
Human fetal liver HSCs were then infected with this vector and 
plated oa murine or human stromal cells, and GFP expression was 
used ro trace the effect of overexpression of Id3 on E'CcII 
developmcnr. The results indicated that Id3 overexpressicn blocked 
B-cell development at a stage prior to expression of the IL-7 
rcceptor 

An other issue that requires resolution is the itJamity of die 
molecule (or molecules) produced in the BM microenvironmenc 
that are essential for the survival/proliferation of hum^n B-cell 
precursors. I propose that stromal cell-derived molecules poten- 
tially bound to HSPGs (Figure 3) are reasonable candidates. Time 
wiU tell if these molecules turn out to be previously cloned 
cyiokincs/chemokines. These putative cyiokines/chemokines could 
also play an important role in the survival/proHferaiion of at least 
some B-lineage ALL. The intracellular signaling pathways that 
atfect survival/proliferation in normal and leukemic B -lineage cells 
are not completely understood. Very recent reports reveal a critical 
role for the linker protein BLNK in human^'*^ and murine^^'-^** 
B-cell development, although the absence of BLNK function may 
resuli in a more severe phcnotype in humans than mice. Thus, 
additional efforts will lead to the discovery of new components, or 
novel functions for known components, in signaling pathways 
essential for the proliferation and differentiation of B-ceU precur- 
sors. The identity of the essential survival/proliferation factor is 
linked to a related question; what is the mechanism of cell death 
that ensues in a B-cell precursor that does rjot receive a survival/ 



proliferation signal (eg, in a pre-BI cell that fails to express the 
pre-BCR)? Which caspasc pathways arc involved? Are these 
pathways subvened in B-Uneage ALL and accentuated in XLA? 

Finally, "genome prospeccing,"^^^ using DNA microarray tech- 
nology ufith all its analytical power and blo^informatic chal- 
lenges, has burst onto the scene- Golub and colleagues used D^f A 
microarrays to evaluate gene expression in human acute leukemias, 
included B-lincage ALL.^20 Their results indicate that microairay- 
based quantitation of gene expression (1) confinns well-known 
leukemia classifications, (1) provides a new tool for diagnosis, and 
(3) generates a staggering amount of new information of unknown 
significance (ie, quantitative expression of approximately 6800 
human genes). Once this technology is applied to normal B-ceil 
precursors, wc will witness the beginning of a complete fingerprint 
of comparative gene expression, This database will provide an 
investigative substrate for the next millenium, taking us deeper into 
regulation of cell fate/function in normal and abnormal human 
B-ceU development. 



Acknowiedgments 

Mary Ellen Conley (St. Jude Children's Research Hospital) and Les 
Silberstein (Harvard Medical School) kindly provided preprints of 
their work. I thank Ted Bertrand for helpful comments on the 
manuscript and Sandi Sherman for word-processing support. 



References 



1, Oethlrga WE. Lawton a^. Cooper MO. immuno- 
fluorascant aiudles of thft devetopment of pr»-B 
calls B lymphocylea and immunoglobulin isotyp* 
diversity in hi>man$. Eur J tmmunol- 1977:7;Q04- 
810. 

2, So^ason N. KeaTnoy JF. The Human fatal omon- 
tum: a sil© o* S cell generation , J Med. 1992; 

3, Nxjfiez C. N*atnrro\o N, Oanland GL 9! a(, 8 coHa 
ar« genetdTea Ihroughoul 'i'e in humans. J (mmu- 
not. I996;l56;96e-a72. 

d, erasham CJ, Kersey JH. Bollum FJ, LeBlen TW. 
Oniogenic studies of lymphoid progenitor ceMs in 
human bone marrow, Exp KemalQl. 1902:10:666- 

Jami95on SD. Douek DC. Kil'ian 5, er aL Geioera* 
tlon q( functional (hymocytea in ihe hv|lT^an aouH. 
Immunity. 1999:10:509-575. 

S, Jenriinga CD, Foon KA. Receni advances in <low 
cytometry! application lo me diagnoeis of hemalq- 
logic malignartcy. fitood. 1997;90;2ee3-2B92. 

7. Qaly A, Travis M, Can D. Chan B. Human T. 6, 
natural killer, and dendritic calls arise from a com- 
mon bong marrow piog^nitor cell aubael, lmrnu» 
nlty. 19fl5;3:45&-d73. 

8- Ayan DH. Nucci» BL. RIttarman 1. Uesvsid JL. 
Atsboud CM. tnael RA. Exo'seaton 0/ inierieukin"7 
receptor by iinoivQe-f^egatlva human bon« mat- 
fow progenitors with enrtanced lymphoid pro((f- 
owfve poienlial and B-imeaga dlHaroftUation ca* 
pacity. Blood. ie97;09;929-9AO. 

9. IshuT. Niahlhara M Ma p. et al. Expression of 
slrommi ceti-denved tacior-l/pre-fi coll grov/ih- 
stimulating factor recepior, CXC chemoWne ra* 
cepior 4, on C034^ human bone marrow cella is 
a phenoiypic aHe*9i(on for committed lymphoid 
progenilore. J Immunol- »999:163:3612-36Z0. 

10. Kondo M, W«issm4n tL, Akaeht K. Idontltlcailon of 
donogenlc common lymphoid progenitors in 
mouse bone marrow, C«li, 1 997:91:661 -672. 

11 , Bertrand In. BIdips LG, Burrowe PO. Qarlland 
GL Kubagawa H, Schroeder MW Jr. Ig Ow gene 



seomoftt traoacription and r^acfSingement before 
surface expression ol (he pan-B-cell marker 
Co 19 In notmat human bono marrow. Blood, 
1997;90;73e-744. 

12. Davi F, Fail) A. Onttl C, ei 3I. Early onsdt immu- 
no^iCboiln heavy chain gene roa^rangamenls in 
normal hum^n bono marrow C034 * cells- ©tood. 
1997;90:4014-4021. 

13. D^wor^aK MN, F^rilsch G. Frdschl G, Pdniz, O, 
Gadner H: Four' col or flow cytome(nc invesli^a*- 
tion of torminal daotcyrujcleoiidyi transtefaee- 
poaitive lymphoid precursore In pediatric bone 
marrow; C079a expression pfocddes COl0 in 
aarty B-ceii ontogeny, eiood. 1 996:92:3203-3209. 

14. Wang Y-H. Nornu^a J, Fay«-Peiafsen OM. Coo- 
per MD. Surrogate llgh< chain produalon dunrvg B 
cell differentiation; di'ttemntlal intf acaltular veraus 
cell surfacQ expression, J Immunol. 1998:161: 
1132-1139. 

15. Spiifl H, Blom 8, Jaioco AC, el a(. Early stages in 
the devatopmoni o< human t. natural killer and 
thymic dondMtic calla. Immunol 1999:165: 
75-66. 

16. AkashI K. Traver D, Hondo M, Weissman IL. Lym- 
phoid development frorn h«m#topt)latIc stem 
cetta. lot J Hematol. 1999:69:217-226. 

1 7. Pallard C, SVegr^tunn A^A. van Kleffens T, $mart 
F, VenKi^Ttjman A, Spils H, Distinct roiae or the 
phosphwidyllnoflltol fl-klnaae and STAtg path- 
ways In IL-7.m9didt6d ddvelopmenl Of human 
thymocyte precursors, Immunily. 1999:10:525- 
53S. 

1 e. Osmond OG, flolink A, Malchera R Murine e iym- 
phopoleaie: iQwa(t!s a vmiMad model, Immunol 
Today. 1996:^9:65*80. 

19, Hardy RR, Carmack Ce, Shlnton Sa, Komp JO, 
Mftyakawa fteaoluUon iin<l churacterizatlon of 
prp-B and pre-pro-B call siag« in r>Ofmal mouse 
bone marfow. J exp Med 1997:173:1213-1 22S.. 

20. Li YS, Wassorman K Hayakawa K. HufCy RR. 
idantdlcBtion of the oartieat 3-llnaage sta^Q in 
mouse bone marrow. Inimunlty. 1896:S:S27"535, 



21 . Payne KJ. M«dlna KL, KIncade PW, Loss ol c-ktt 
accompanies 0«fin«ftge commitment and *cc[ulsl- 
ilon ai CD4SR by mo«t murine S-lymphocy(« pee- 
Cwrsora. Blood. 1999:9'»;713-?ZS, 

22. Loken m, Shah VO, Oartl«o KL. Ctvin CT. Row 
cylomeutc analysis of human bone marrow. II: 
normal S tympnocyte development, Qlood. 1967: 
70:1316-1324. 

sa. LeBien TW, Wormann S. VtllaWanca JG, 9( al. Mul- 
llparameter How cytom^tnc analysis of human ffttal 
bone mamiw B cells. LeuKemta. 1 89o;4:3S4^iS8, 

24. Ghia len eoakei E. San;; E. de la Hera A. 
Rolink A, Melchers F OrdsrinQ o^ huma<t bone 
marrov* e lymphocyte precursors by aingle-celi 
potymeroie cfial« reaction analyses ol the rear- 
rangement sialua of the immunogjpbulin W and L 
chain gene loci, J Hxp Med. I997;i84;22 17.2229, 

25. Lemmars 8, Gauthief L. Guetpa-Fonlupt V, Pou- 
gereau M. Schiff C. The human (vl»L*p~) pcofi 
complex: cell surtac* expreseion and biochemical 
structure of a pulaOv^ transducing receptor, 
eiood. 19ee;93:433€-4346, 

26. Oittel 9N. LeBlen TW. The growth response to 
tL-7 during normal human B c«U ontogeny is re- 
Glrictsd to e-llneage cells exp<»*sin9 C034. J 
Immunol. l995:154;5e-07. 

27. U VS. Hayakawa K. Hardy Rfl. Th« regulated 
expression of 6 linoAgd aesocialed gends duhng 
B ceil dlfferanttaiton in bone nnarrow end fetal 
liver. J exp Med. 1993;1 78:951-960. 

28. Pauza we, f^ahmann JA, LeBlen TW. Unusual 
patterns of Immunoglobulin gene rearrangomenl 
and axpreaalon during human S cell ontogeny; 
hvman fi cells can simullaneousiy axpreee cell 
surface kappa and (ambd« fight chains. J Exp 
Med. 1993:179:139-149. 

29. Ghia P <5tav«ot\l A, Signer E. vyinkl«r TH. 
t^elchBfs F. Rotln)< AG. Immature B cells from hu- 
man and mousfl bone marrow can chango their 
surface light chain oKpreaalon. Eur J Immunol. 
1995:25:3106-3114, 

30. Giachino C. Padovan E, Lanzavecchia A. 
Kappa '♦•lambda^ dual receptor B c&H are 



SEP. 27. 2000 5:49PM LIBRARY UHFO SVCS 650 3299526 NO, 0492 P. 13 

20 LeBIEN BLOOD, 1 JULY 2000 • VOLUME 96, NUMBER 1 



pros ant in the noman p^riphsrat repe noire. J Exp 
Med. 19e5;1d1;1245-t350, 

31. Senschop RJ, Cambi«r JC. B call devsiopmeni: 
signal iransducHon by antigen reca ptora and their 
surrogates. Curr Opin Immunol, 1909;n:i45- 
151. 

3i. Melchere F, Kar^isuyGrtta H, Haasn^r 0, ot al- The 
currogale lloht chain in fi-c6ll d«Vd)opment. Im- 
munoi Today. 1 9&3; 1 4 ;e0'66. 

33. MInegishi Y, Coualar\-Stinfth E. Wang Y-H, Coop»f 
MO, Campana O, Contey ME, Muta lions in the 
human xS/ld.i result In B cell d«nc'ency 
and agamrnagtooultndmia, J Exp M«c}, 19&6;1£l7: 
71-77. 

34. LaaaouetJ K, Nunez CA, Bll)lp$ t, et al. Expr^a- 
a(on of 5vnro0atei Ifght chain receptors Is re- 
stric<dd TO a lata atsg« [n pre^S celt differantratron. 
C«H. 1993;73:7;j-ae. 

35. San2 e, de la H«r4t A. A novel aml-Vpi^-B anri- 
body idantiflea tmmunogtobutin-surropate recap- 
lots on the aurtuce of human pro-B cefla. J Sxp 
Med. l99Q;ie3-,2693-a69e. 

36. Maffre E, Fougereau M, Arg«n^ JN. Aubanlac 
JM. Schtff C, Cell eurfac* dXpreMion sufrogate 
light Chain {s}»LC) In the absdnco ol p on hufnan ' 
prO'e ceW Knea and ncrmat pro-B oatls. Svjr J Im- 
munol, 1 9e6;2e;ai 72-21 30. 

37. Wftn^ y.H. Nomura J, Faye-Petemen OM. Coo- 
pec MD. Surrogate light Chain production during B 
0«ll drfferontt^itlon: dIF!erentlal 1ntrac9nu<ar versus 
cell aurlace^xor^saion. J Immunoi, 1996:1611 
1ia2-1139. 

38. Tauganowwa K, Kfyokawft N. Maisuo Y, et al. 
Bow cyiometria diagnosis of the call tln««g9 and 
developmental stasd of acute lympKo&fastic lau~ 
k«tnia by novel monoclonal antibodies specific to 
f^uman pre-S call raceptor. Blood. 1 996:92:4317- 
4324. 

39. Gauthler u, Ummera 8, Qu«(pa-Fonlupl V, Pou- 
geneau M, Schiff C M-Surrogaw light chain physi- 
cochemicat interactions of the human pf$S cell 
receptor implications for repertoire 4«leclfon 
and cftil signaling at preB cell siag«, J tmmu- 
not. 1999n 62:4 1-50. 

40. Lassoued K. Illgea M. Beniagha K. Cooper MO. 
Patft <?] surrogate light chatna in S linaAge cells. J 
exp Med. 1996;183;4£1-42d. 

-ll . KHamura D, Kudo A, Schaal S, MOiier va/, 

t^iotchers P. Rajawsky K. A critical role oMamoda 
5 protein in 0 cell daveiopmem. Cell. 1992;69: 
823-631 . 

42. Kubagewa H, Cooper MO, Carroll AJ. flurrov^s 
PD. Li^nt'C+iain gena axpr^&vn belortJ heavy- 
chain rdarrangemanr in pre-B cella Iranstormed 
by Epsleln-Barr Virus. Proc Nali Acad Sct USa. 
1989;a6:235e.2360. 

43. NpvobranlaevaTI, Martin VM, Peianda R. Mdiier 
w, Raieweky K, ghlich A. flaarr^ngdmenl and 
dxprssgion ci immunoglobulin light chain genes 
can precede ^eavy chain expression dunng nor- 
mal B ceil development In mico, J Exp Med, 
T999;169;75-8&. 

'W. len Boekei £, Melchers F, Roffnk AG. Changes in 
the Vh 9#fte repertolf© ol developing precursor B 
(ymphocytgs in mouae tJon« marrow mediated by 
l/ie ofe*8 cell racsptOA Immunity. 1997;7:357- 
366. 

45. Kline <5m, Hartwetl U Beck-e^geser Q6. el al, 
Pre-B celt racepior-medlaWd selection oi pre-B 
cella aynih«siting functional u heavy chains. J 
Immunol. 1998:161:1606-1616. 

46. wasserman R, Li Y3, Shinron SA, at a(. A novel 
mechanism rof B cell repertoire maturation tiased 
on response py B cell precursors lo pra-fi f^cep* 
tor asaembty. J Exp Mad. 1999; 197:259-264. 

47. ShIoKawa S, Mortari F, Lima JO. «t al. IgM hdevy 
Cham complement«Hty-detefmlning region 3 di- 
versity is conslratndd by genetic ftnd somatic 
m^chaniema unflt two monihe aH«r birth. J Immu- 
nol, 1 999:1 62;6060'6070. 

48. ftfiio SP, RIgga Jtwi, Friedman OF. Scully MS. Le- 



BlanTW, SH&erstein LE. Blas«d VH gen* uaeg© 
In ftarty lineage nutnan B oella.- evtddnca for pr«(* 
erentlai Ig g«nfl raarrangemint m the AWence of 
ft^i^Ction. J JmrniiOOl, 1999;l€3:2732>2740, 

49. Shftffer AL, SchHs$«l MS. a truncated heavy 
Chain protein /eUevea the requirement for surfo* 
gate light chaina In early B cell devalopm4r)t J 
imrTKinoI. 19&7;159;126S-1275. 

50. PDial S. The choe«n few? Poaitive $«(octton and 

generation o( naive 6 lymphocytsa. Immunity. 
1999; 10:493^502. 

61, Bossy D, Salamero J. Olive D, Fougareao M, 
3chl» C, Stnjcture. btoiyntheala, and Ifansduc^ 
t(on properties ot Itw human ^i-d* L complex: almt- 
(4r behavior of preB and inT»rmedlBie pre8'B 
cella in Iransducing ability, int Immunot. 1993;5: 
467-476. 

52. Kuvi^ahara K, Kawal T, MiisuyoshI S. et al. Cross- 
linking of B cetJ antlgon receptor-related structure 
o( pro-B ceti lines Inducea tyrosln* phosphoryla- 
tion of p65 and p71 0 aubuftits and activation of 
phoephftttdyllnoaHoi 3-k/naso. Int Immiinol. 1996; 
0M 273-1 ZSS. 

53. Mfnagishi Y. Hendershot LM, Contey ME. Novel 
mechanfams control iha folding and aaaambly ot 
xS/14.1 and VpreS lo produce an Intact surrogate 
light chain. Proc Natf Acad Sd tj S A. 1999;9S: 
3041-3046. 

54. M^ichera F. Fit Ipc life in ine Immune syalem? 
Surrogate L chain leete W choiins tfiat leal L charna. 
Proc Nat! Acad Scl USA. 1999:96:2571-2573. 

55. Kafftsuyama H. Rolink A, Melchers F. A complex 
of glycDproidins w asaocJat«d with Vprafi/tambda 
5 sufTOgatd light chain on the surface oi mu 
heavy chain-negative earty precursor B cell tinea, 
J Exp Med. 1 993: 1 79:4ee.47a. 

56. Lefllen TW. S^celi lymphopoieaia in mouse and 
man. CufrOpin Immunol, 199a;lO:l66*l9S. 

67. NageiA K. Nakamura T. Kliamura F, et a). The 
'got/lg^ haterodlmer on mu-negitlve proB cefls is 
competent for transducing signala lo Induce early 
B celtdirf^renlfalion. immunity, 1037;7:559-570. 

58. Gong S, Nussenzwatg MC. Regufallon an early 
deveiopmamat eheckpot'ii In me 6 ceil paihway 
by Ig6. Science. 1996:272:411.414. 

59. Namen AS, Lupton S, Hjernld K. el al. Silmulation 
o( fl-celt progenilors by cloned munne mterleu- 
kln-7. Nature. 198e;333:S7T-S73> 

60. Cend^ias S, ivruogge K, Dunjm sK. IL-7 receptor 
and VDJ reccmbfnatlon; trophic versus mdcha^ 
nislic actions, immunity. 1 997:6:501 '508. 

61 . KIncade PW. Medina K, Smllhgon G. at al. Life/ 
death declslona m B lymphocyte precursors, in; 
Monroe JC, flolhenberg gv, eds. Molecular Biof- 
ogy of e-Ceil and T-Celt Development. Totowa. 
NJ: Mumana F/ess; 1996:177-196. 

62. Corcoran AE, Smart FM. Cowling HJ, Cromplon 
T, Owen MJ, Venkitaraman AR. The interlauktn-7 
receptor a chain transmits distinct aignate lor pro- 
li'eraDon and differentiation during Q (yrnphopoi- 
eate. gMBO J. 1996;15;1924-1932. 

63. Corcoran AE. ftldde« A. Krooahoop D. Venkltara. 
man AB. ln:\pair©d immunoglobulin gene rear- 
rangerrwnr in m'ce lacking ihe iL-7 neceplor. Na- 
lure. 1999:391; 90^.907, 

64. von F««den-Jeftfv U, Vtejra P. Luci^n LA, McNeil 
T, Burdach SE, (Vlurray R. Lymphopenia in intsf- 
leukln (IL)»7 gane-del«t9d mice identiriea IL-7 as 
anonredundant cytokke. J 6xp Med. T99S;1 gl: 
1519*1526, 

66. Peschon JJ, Momsaey Pj, Grabstein KH, eta'. 
Eaily lymphocyte expansion is severely impaired 
in fnterleuKin.7 receptor-daticfeoi mice. J Exp 
Med. t994;ie0; 1955-1 960. 

ee. Cao X, Shores ew, Hu-LU, ei ai. Delecilve lym- 
phoid development in mice lacWng expresstor* of 
the common cytokine receptor chain, immuniry. 
1995:2:223-236, 

67. DlSanio JP, Muller w, Guy-Grand D, Fiacher A, 
Rafewsky K. Lymphoid dewelopmant in mk» with 



^ targeted deletion oi the tnterlaukin-2 receptor y 
chain. Proc Nali Acad Sc) U S A. 1 995;92;377- 
991. 

60. Noaaka T, van Deursen JMA, Tripp RA. et al. Oe' 
fectlvd lymphoid development in mice lacking 
Jak3. Science. 1995|270;e00-e02. 

69. Thomia DC, Gurniak CB. TIvqI E, Sharpe AH. 
Berg U, 0&(dC!s In B iymphpcylft maturarion and 
T lymphocyte activation tn mice lacking JaK3. Sci- 
enco, 1995:270:794-797. 

70. Friend SL. HoaJar S, Nelson A. Foxvi/oaha D, W«- 
llams OE, Farr A. A thymfe stromal ceH lino sup- 
ports Jn vHro davafopmani of surface IgM* B cells 
and produces a novel groMh factor affecting 8 
and T lineage can*. Exp Hematol, 1 994; 22:321 - 
328. 

71. Ray RJ, Furionger C, Wliiiama DE, Paifle CJ. 
Chamctsrfzatlon ot thymic fltromaWerived lym- 
phopoleiln <TSUP) in murine B call development 
In vitro, eur J Immunol. 1 996:26: 10-16. 

72. Levin SO Koaliing RM, Friend SL, el al.TliymIc 
stromal lyrv'^poietlnr a cytokine that piomoies 
the development oi (gM* S ceHs in vitro and sig- 
nal* via a noval mechanism. J Immunol. 1999; 
162:677^603. 

73. Wolf ML, Buckley JA, Goldfarb A. Uw C-L, Le- 
Bien TW. Oevetopment of a tjone marrow culture 
for malnlenaice and growth of normal human B 
cell pracursoi^. J Immunol, 1991 : 147:3324-3330. 

74. Saeland S, Ooven v, PanUrau D, et al. Interiau- 
kin-7 Indtjcas the prollferallon of normal hvman 
B-ceil precuisQfa. Blood. 1991 :7a:2229-2236. 

75. tvroreau t, Ouvef\ V, Banoheraau J, Saaland S. 
Culture of human fetal B^ell precursors on bone 
marrow stroma malmalns highly proilfarativg 
CD20dlm cells. Stood. 1993:91:1 170-11 76. 

76. Moreau I, Duvert v. Caux C, e( al. Wyoflbroblastic 
siromal calls isolated from human bone marrow 
induce the prolUeradon of both eariy myeloid and 
a-iymphoid cetfa, Stood. 1993:S2;2396-240S. 

77. Noguchi M. Yl H, Rosenblatt NM, et al, Imerteu' 
kln-2 receptor 7 chain mutation results In >;- linked 
severe comoined immunodeficiency In humans. 
Celt. 1993:73:147-157. 

78. Maachi P, Villa A, Oil'ani S. et al. Mutations ol 
JaK«3 gene (n paiienla wllh auiosomal severe 
combined immune dellciency (SClD). Nature. 
1 995:377:65-66. 

79. F*usseH SM, Tbyebi N. Naka|lma et al. (Vfutation 
Of JakS in a patient with SCID; essential role ol 
JakO In lymphoid deveiopmenl. Science. 1 996: 
270;7a7-800. 

60. Pue' A, Ziagier SF, Buckley Rh, Leonard Wj, De- 
IectiveiL7R expresaton in T( -)B(-+')NK{+) se- 
vere combined Immunodeficiency. Nature Genet. 
1998:20:394-307. 

61. Prlbyt JAR, LeSlen TW, (nterlaukln 7 independent 
development 0/ human B calls. Proc Natl Acad 
Sci U S A. 1 996;93: 1 0348- 103S3. 

82. Wolf ML. weng W-K, Silegitoauer K, S^ah N. 
LaBtan TW, Functlona) effect of lL-7-dnhanced 
CO19 exprasalon on human B-ceill precursors. J 
Immunol. 'I993;151:136-I4e. 

93, Sillipa LG, Nunez CA. Oerrrand FE fit, et al, Im- 
munoglobulin rscombinase gena actlvUy ia modu- 
lated reciprocally by lnfod»ukln 7 and CD1 9 in S 
cell progeniiors. J Exp M«d. 1995:1 82:973-962. 

64. Cluitmans FhM, Eaendam BHJ, Landegant JE, 
Wlllemze R. Fa)kenburg JH. Constitutive In Vfvo 
cytokine and hematopoietic growth factor gene 
axpresaion (n the bone marrow and peripheral 
blood of healthy individual^. B/ood. 1686:9$; 
2038-2044. 

95. Ryan OH, Nuccle 5L, Rltierman I, LieEveld Jl. 
Abboud CM- Cyiokine regulation of ©arty human 
lymphopoleslft, J Immunol. 1994:152:5250-5256. 

66. Funk Pe, Siephan Rp, WItta PL, Vascular cell 
adhesion moleciMa 1 -positive reticular calls ex- 
press interleukln-7 and atem cell factor In the 
hone marrow. Bkjod. iS9s;a6'.a66i-267i. 



27,2000 5:50PM LIBRARY & INFO SvCS 650 3299526 NO. 0492 P. 14 



BLOOD. 1 JULY 2000 •VOLUME 96, NUMBER 1 



a7. Namikawi R, Mwertch MO, Oe Vrlea JE. Ron- 
caroio MG. Th» FLK2/FLT3 (Igand aynefslzea 
wKh interleukin*? in prwo^iftg dlromaKell-lnda- 
pencfani expansion and diflerenliafion of numan 
tm\ pro-e c»lls In vllfo. Biood. 1996:67:1881- 
1690. 

96. McClanahan T, Cutpepp>6r J. Campbell D, at al. 
Biochemical and gondiic cnaraccdrization of mu(- 
Upia aplica variants of thd Flt3 Ilfland. Biooti, 
1 996^88:3371 -33B2. 

99. Uaovfiky M, Braun SE, Go Y, et al. R»3-)(gand 
production by human bong marrow stromal cells. 
Leukentla. 1d96;10:l012-10ia. 

90. Ofltanl K. KIncada PW. Idantlflcatlon of siromat 
cell pro^uctQ itiat tntemci with pra-B cells. J CeX 
Biol. 1396;i;^4;771-782. 

91 . Ofltani K. KanaKUfa V, Aoyama K, et at. Matrix 
glycoproi9i(\ SC1/eCM2 augmenlst S lymphopoi- 
eata. Blood. ia97;90:3404^3413. 

92. Sage H. Vernon RB, Fui^k SE, Ev^rltt EA. Af>9etlo 
J; SPARC, a aecfeied proiatn associated with cdl- 
lula' pro'i(4ratlon, InhlDiis cell apr^adlng in vUro 
and oxhibils Ca2'*-dependenf binding In the ex- 
iracellutar matrix. J CddBiOl. 1 989; 109.'34 1-356. 

93. Rainos EW, Lan«TF, tluora-Arispe ML. ftoss ft. 
Sage EH. The extiacG«u»ar glycoproieift SPARC 
tnteracta with piBtalet-denved growth factor 
{PO(SF)-AS and -66 and inhibits bindirtg of POGF 
to Us /aceptQfs. Proc Natl Acad Sci USA. 1092; 
69:1281-1285. 

94. Gira'd J*^. Springer TA. Cloning from pufified 
high endothdilaf venule cetie oi h^vin, a cioaQ 
relative of tho ar)(fadh«4jv« dxtracalluiar tnatrlx 
protein SPARC, fmmunity. 1995:2:113-123. 

95. Borghaai LA, Yarpashlta Y, K»ocad« Pw, Haparan 
aulfaie pfaieogiycana mediate intdflaukin«7*oe- 
pendeni B (ymphopoieaia. Stood, 1999;93.-M0- 
146. 

96. Gupia P, McCarthy J8, Vertalllls CM. Stromal 
brobiasi heparan sulfata is f«<5\jiced (at cytoklne- 
mediated ex vivo nrtairttananca of human lono- 
term culture-inilialing cells, Blood, 1996:67:3229- 
3236. 

97. Nagaaawa T. HIrota S, Tachibana K. et al, Defecls 
In S-call lymphopoleeifl and bone marrow myelo- 
poi9S($ in mJcQ lacWjng the CXC chamokine 
PeSF/SOF-1, Nature. 1996:383:635-838. 

98. TAchtban^j K, Hirota S, Llzasa H. et al. The che- 
mokino receptocCKC^^ ia easemtat tor vascular- 
ization c( me ga$t/Oifttesiinai iract. Natura. 1998; 
393:691.594. 

99. Ma O, Jones D, Barghesarv PR, et al, \fftp^\f@<2 
S'lymphopoiesie. fnyelopoies's. and derailed cer- 
at>6itaf rieyron mtgrallon in CXCR4- and SDF-1- 
d^licient mfca. Proc Naii Acad Scl U S a. 1996: 
9S:9448-94S3. 

too. Ma Q, Jonas D, Springer TA. Ttie chemok/ne re- 
ceptor CXCR4 is required tor tnd roioniion of 6 
Unaaga and granulocytic precursors within the 
bone marrow microanvtronrnent. fmrflwmty. T999: 
10:4e3-<i7i. 

101. AlutI A. Tavlan M, CIpponi A, et al. Expression of 
CXCRa, the receplor for stromal cell-derived fac- 
tOf-1 on ielal and adult human lympho-herrtato- 
poietic pfogenltofs. Eur J trr^munoi. i999;2d: 
1823-1631. 

102. Fedyk ER, Ryan DM. Rfnerman I Sprlnga^ TA. 
Maturation decreases r6$D0»l$iv«n«3a o( t^uman 
bone marrow B lineage cells to stromftl-dorlved 
lacior 1 (SDF-1). J LeukocBtol. 1999:66:667- 
873. 

103. Honczarenko M. Douglas RS Mathias C, Lee B 
Ratalczak M2. Sllbaratein LE, SDF'1 tespon&ive* 
nass does not correlate with CXCR4 expression 
levela of developing human boo© marrow 6 ce'is. 
aiood. l999:S4:29&0-299fl. 

1 04. Coulomb-L'Hermrn A. Amara A, Schiff C, at al. 
Stromal ceK-dGrived factoi ^ (SDF-1) and antana« 
tal human 9 oeli lympKopoid$i&: ex^rassion of 
SDF-1 by mBBoiheliat cells and biliary dycta^l plate 
epithetlal cells, Proc Natl Acad Sci USA. 1999; 

96:Bses-eseo. 



105- J^rvts U, LcBi^n TW. Cytoklna and sifomal iattu- 
ences on eafV B-ceti devetoptnent. In: Monroa 
JO, ftotheftbafg BV, eda, Motecutaf Biology of 
B'Catl and T^Ced Oev»iopm«nt, Totowa, Nj; Hu- 
mana Press: 1996:231-551. 

106. ftyan DH, Tang J. ftagulalion o< human B cell 
lymphopQi6£t& by adhasion mot«cu)e$ and cyro- 
kirwa. LeuK Lymphoma 1&95;1 7:375-389. 

1 07. Ryan DH, Nuccie BU Abboud CN. Vyflnelow M. 
Vascular can Adhas<on moiecviie-i and the inte- 
grln VLA''4 mediate adhesion of hunnan e'C^ii 
precureors to cultured bone marrow adherent 
calls. J Clin Invest. 1991:36:995' 1004. 

1 oe. DiHel BN, McCarthy JB, Wayner EA, LeBien TW. 
Regulation of human B-cell precuraof adhesion lo 
t;one marrow arrcmal ceils by cytoklnaa ihateKert 
opposing •ff«ct$ on tha a^^raaakin of vaacuiar 
cell adhesion n^olacula-l (VCAM-1). Blood. 1993; 
81:2572-2282. 

1 09. Muni KG. Brown PS, Kumaga* MA, Camoana 0, 
Molecular Interacliona between human B-ceit pro* 
genders and th« tone marrow mlcroenv*ronmeni. 
Exp Rds. 1996:10:47.58, 

110. Ja^vis Ul, LeBien Tw, sdmolatioft of human b(>na 
marrow stroma* ceil tVfos«\e kinases and IL-6 
production by contact wilh B lymphocytes, J Im- 
munol. 1995:155:2369-2368. 

111. Jarvia U. Maguke JE, LeBien TW, Contact 
twaen human bone marrow alromal cetta and B 
/ymphocytas enhance* vary lata anllgan-4A/a6cu- 
lafcall adhMion 'noiecuiao-lndependeni tyro- 
sine phosphorylation of focal adhasion Mnada, 
paKtWn, and ERKZ in stromal cetls, eiood. i^7; 
90:1626-1636. 

T12. Rawlings Dj. Ouan SG. Kato RM, Wine ON. 
Long-term culture ayatem for aaiecllve growth ot 
hyman S cell progenitors. Proc tMatl Acad Scl 
US A. 1995:92:1 670*1574. 

113. Rawlings DJ, Quan S. HaoQ-L. et al, Oifforantia- 
lion of human C03*iVCD38' cord blood stem 
calls Into S cell progenltora in vtiro. Exp Hamalol. 
1997:25:66-72. 

lid. Kurosaka D, LeSian TW, prlbyt JAR. Compara- 
tive srudi'es ol different stromal celt mlcroenvlron- 
nrt^nts in suppon oi human 9 celt davelopmeni. 
Exp Homaiol, 1999;a7;127M2ei, 

115. FiuckigofA-c. Sar^z g, Garcia-LioratM.etai. ir^ 
vitro reconstltution of huf^an B-coH oniosjerty; 
from C034' multipotem progenitors to ig»$etfrot- 
ing cells. Blood. 199e:92:4S0M 620. 

116. Berardi AC. Meffre E. Pflumio F. aul, Inaivfdoal 
CD34 'C036lowCDl9-C0l0* progenilor cells 
from human cord Wood g&neraie B lymphocyles 
and granulocytes, Blood, 1 997; B9;3554 •3564, 

117. Nishihara M, Wada Y, Ogami K. ot ai. Acomtjina- 
tion of stem cell (actor and granulocyte colony- 
elimulating faotor enhances the gn?wih of human 
progenitor B ceila supported by murine stromal 
cell line MS-S. Eur J Immunol, 1d96;2e: 655-664. 

118. Ohkawara J-I. Ikehuchi K, Fujihara M, et si. Cul- 
ture system for extanaiva production of 
C0l9*iflM- caus by human cord blood 0034-" 
proganitors. LauKamia. i99e;i2-'764-77i. 

1 1 9. Mijie^ JS. McCuHar V, Punzai m, Lemiacnka IR. 
Moore KA, Srngid adult human CD34(-»-)/Lln-/ 
C036<-) progenitors pfva ri«a to natucaf wtier 
celts, B-ltnaage calia, dendritic cede, ana myeloid 
cBlle. Blood. 1 999:93:96- 1 06. 

120. ShultzLO, Schweitzer PA. Chrifliianaon SW. et 
at. iwluUiple delacia In Innate and adaptive immu- 
nologic ttinclton in NOD/LtSz-aold mice. J Immu- 
nol. 1995:154:180-191. 

121. Crelnec OL, Heaaeiton RA. Shultz LD. SCID 
mouse modeia of human stem call engraflment. 

3iemCens. i99e;i6.'i6e-t 77. 

122. Bhatia M. Wang JCY. Kapp U, Bonnet 0. Dick JE, 
Purification of primitive human hematopoietic 
cena capable of rapoputallng Immuna-deficianl 
mica. Proc Nail Acad Scl U S A, 1 ee7;94:S320- 
5325, 

123. Conneady E, Cashman J, Petzer A, Eavos C, 6x- 



FATES OF HUMAN B*CELL PReCURSORS 21 



paneion in vitro of Iraneplantable human cotd 
b^OOd stem calla demonstrated uaing a quanttta- 
tlvo assAy of thair fympho-myatoid rapopuiatlng 
activity In nonobeae dlabeiic-scid/Hcrd mice. Proc 
Natl Acad Scl U 5 A. 1 997;94:9a3e-984l . 

124. Hogen CJ, ShpaH EJ, McNutty O. al aL Engratt- 
meniand developmenl ol human CD34(-t-)-en- 
rtchad calls irom ymblitcai cord blood in NOD/ 
LtSz-scid/scid mrCd. Bfood, 1997;90;8$^€. 

125. van der Loo X, Hannenberg H. Cooper RJ, Luo 
PY, Uzartdla eN. Williams DA. Nonobesa dia- 
&attc/$av«r« combined Immunodeficiency (NOD/ 
SCID) mouse aa a model syslem to atudy tne en- 
graftment and mobilization of hun\an peripheral 
blood atam calls. Glood. 199d;92:255e"2570. 

126. f^obln C, Pfiumto F, Valnchanker W. Coulombel L. 
Identification of lymphomyetold primtih/e progeni- 
tor calla In freah human cord blood and in ths 
maffow of nonobeee diabeilc-severe combined 
immunodelicidnt (NOD-SCIO) mice iranspiaoted 
with human OD34(+} cord blood cells. J Exp 
Med, 1999:169:1801.1610. 

127. Harigaya K, Handa M. eanaration of functional 
clonal cell Unas from human bona marrow stroma, 
Proc Natl Acad ScJ U S a. 1 9a5:92:3477-;j4W. 

12B, Roeckiain SA, Tbrok-Slorb S. Functionally distinct 
human marrow stromal call ifnes immortalized by 
Iranaduction with (he fnuman papilloma viry 6 
EB/E7 genea. Blood. 1993:65:907-1005. 

129. LI L, Milnof Lft. Deng Y, at al. The human homo- 
log Of rat Jajfledi expressed by marrow stroma 
inhibits differenliation of 32D cdlls through inter* 
action with Notchl. Immunity. 1998;a:43-5S. 

130. BO0naf AG, Oueliette M, Ftolkls M. etal. Exten- 
sion of life-span by introductioA of ttiomeraie Imo 
normal cetlH. Science. 1996;279:349-352. 

131. Rac^ie^A, Maltsaen B. fvlatuial and engineered 
disorders of lynnpftocyte development. Science, 
1998:280:237-243. 

132. Roaen F3, Wedgwood RJ. EibI MM, el al. Prt- 
mary immunodeficiency diseases: rspon of a 
WHO scierltific group. Clln Exp lm'V\unol. 1997: 
l09(suppl):Sl. 

1 33. Contey M£, Cooper MO. Genelic basis of abnor- 
mal B ceil development. Curr Opln Immunol. 
1998;10:399-406, 

134. Tsukada S. sattran DC, nawiings DJ, at ai, Dsn. 
ciant expression of a B cell cytoplasnnic tyrosine 
kinase In human X-linked agammaglobulinemia. 
Cell. 1993;72:279.290. 4 

135. Velrie D, vorechoviky f, S'deras P> et ai> The 
gene involved tn X-linked agammaglobulinemia is 
a member of Ihe src family of protein-Eryoslne ki- 
nases. Nature, 1993;381;226-233. 

136. Conley ME, Mathias D, Treadaway J. Minegishi Y, 
Rohrer J. Wuratlona in bik in patients with pre- 
sumad X-liftked agammaglobulinemia. Am J Hum 
Genet, 1 998:62; 1 034-1 0^3, 

137. Vihinen M. Brandau O, Branden LJ, e\ al, BTK- 
baee. mutation database for X-linked agamma- 
globulinemia (XUV). Nucleic Acids Res. 1996;26: 
242-247. 

T38, Piawiings OJ, Srufon'a tyroeina kinase comrola a 
Sustained calcium signal essar^tiai fo^ B liniaga 
devalopmem and function. Clin Immunol. t999: 
9T,243-£53, 

139. Campana 0. Farrantg, lr\amdar N, V^^ebster aD, 
Janoasy G, Phanotypic featur&s and prollferauve 
aclMty of B cell proganilora In X-llnkod agamma- 
Oiobuiinemia. J Immunol. 1 990; 145:1 875- t6Q0. 

140. Thomas JD, Sideraa P, Smith CtE. Vorechovaky I. 
Chapman v, Paul wg, Cofoca(?ratfon of X-'inked 
agammaglotoutinem'ia and X-Hnked immunodeli- 
oionoy gon«6, Science, 1093;261:35S-3S8. 

141 . Khan WN, At( FW, Cef^teln AM, et at. Derectlve B 
cell development and lur^ctlon in dTX-deiicient 
mice, immuniN, 1 995:3 :283'299. 

1 42. Kemer JO. Appleby MW. Mohr RN. at a(. impaired 
expansion of mouae 6 celt progenitors tacking 
BTK. Immunity. 1Q9S:3'.30 1-312, 



SEP. 21 2000 



50PM LIBRARY h INFO SvCS 650 3299526 



NO. 0492 F, 15 



22 LeBIHN 



BLOOD, 1 JULY 2000 'VOLUME 96. NUMBER 1 



143. HendriKS RW de Bni\\f\ MFTH, Maas A. Dlngjan 
GM, Karis a. 6rosv«ld T. Inaciivaiilon o( BTKby 
insdMion of /aoZrdveals dafecte in 0 celt develgp- 
ment only p^gt the prs-fi c«tt stage. EMSO J. 
1990;15:4662-4672. 

144. de weera M, Verschumn MOM, Kraakman M6M, 
«t The Bruton's tryoalne kinase gene is ex- 
pfea3e<f thraughout colt differamiatJOn, from 
early pfocureor 6 cetl oiagea pr«cdcfing immuno- 
QiobuUn gend rearrangoment up to maturo B call 
atagea. Sur J immunol, 1 903;23:ai 09^31 14, 

145. STDUn CIE, Baskln 6, Mumlra-Qraiff P, st at. Ex- 
prd$$fon of Brotoft'S agammaglofouiinemla iryo- 
sine kinasd gene, BTK. i$ sftloctFvafy downregu- 
fated In TlyfT«phocyt0$ $M pleama ceild. J 

146. Sch4r«nbarg AM, El-Miilal O. f mmao DA. bi &J. 
P)iosphat(<jytlno5itol-3,4.5-trlS0hoBphate (PMina-: 
3.4.5-P3)/T«c kinasa-dOEWndent calcium signal- 
ing pathway; a target for SHIP-fnediawd inhlbt- 
lOfy signals- eweo J. 1996:1 7:1 991. 1972. 

147. Wawlinga DJ, Scharenbarg AM, Pai*( H, el al. Ac* 
ilvailon Q* STK&y a phosphorylaiion machanism 
inittatad &y Src family Kinases. Science, 1996; 
271:822-825- 

146. Ruckigef AC. Lf Z, Kalo PlM, at al. BTK/tec ki- 
naasfi /aguiate auaiainiKf tncreasea in inlrHcelly- 
lar Ca2+ (oiiowlng e-call receptor actrvatlon. 
5MeO J. 1998117:1973-1965. 

M9. Hashimotc S, Iwamatau A, t$hlat M, at at- icfenttft- 
cailon of We SH2 domain binding proisin of Bru- 
ton's tyrosine kinase as BLNK: Itincitonal slgnifi* 
GftAcd o< BTK-SH2 domain In e-ceil an II gen 
cocgptor-coupJdd calcium signaling. Stood, 1999; 
94:2357-2364. 

1 50. Yej L, fwnft«gishi Y. Cousiftti-Smltn H. »t at. Muta- 
tiona In the mu haavy-chain gerve ift paHents with 
ag4mrr»ftglobuilfi«iT!ia. N EnglJ Med. lS9e:33S; 
1486-1433, 

151. MInegisw Y, Coustan'Smim E, Rapaius L, Ersoy 
P. Campana 0, Conley ME. Mutftliona In Iga 
(CD79a) fesun in a complew block in Q'Cell de- 
vefopmont. J CHn Invest, l99S;104;1115-n2i, 

152. Meffre LeDeiat f, do Saim-Basile G. el al. A 
human non-KLA immunodaflcior^Cy diaeaso char- 
actartzad by islockage of 8 cet! development at an 
early pros cell stage. J Cli" Invaei. 199S;96: 
1510-1526. 

153. Look AT, Oncogenic lr«nEcr)pUon fiiciors In Jbd 
human acule ieuk^miaa- Sclenco, 1997:276; 
1059-1064. 

154. p(ji CH. Receniadvancee in the biology and 
traaimehi of childhood acute lymphoblastic ieuke' 
mia. CurrOptn Hematol. 199a;5:29Z-30l. 

1 55. Kersey JH. Fifty year^ of studies of the biology 
and therapy of childhood lowKen^ia. Blood. 1997; 
90:4243-4251- 

156. Greaves M. f^olaculac genetics, naiurfti hiafory 
and (he^ demlea of childhood idukaemia. 6ur J 
Ca^^cer. 1999;35: 173-165- 

1 57. Raff MO- Social comrots on cell survival and cell 
death. Nature, 1Se2;356:397-400. 

156, Campana D. Coustan'Smith E, Manabe a, at al. 
Prolonged survival of 6-lfneago ^tcui© lympho- 
blf»«io leukemia cella is accompanied by ovorex- 
pression of bcU2 protein. Stood. 1693:91 ; 1 025- 
1031. 

159. Griffllhs SO Goodh^Ad DT. Marsd^n SJ, e^ al. 
mterleukin 7-depend«ni B lymphocyte precursor 
cells are ultraaenaHlvo to apopWiSis. J Etcp f^4ed, 
i994;1T9:1 769.1 797. 

160. Fang W. MueUai" OL. Ponnall CA, st at. Frequent 
aberrant ImmonoglohaHn g^na reflrrangernenls m 
prO'S celle /ovealed by a Pcl-xL iransgene. Immu* 
nity, 19^6:4:291-299, 

161. Cous(an-Sm«h e. Kltanal<A A. Pul CH. « a)- Clini- 
cal relevftnc© of DCL-a overexpfeaslon in child- 
hood acute tymphowastte lauKemla, Bfood. 1996; 
87-.1140-1146, 

162. Salomons Q$, Brady HJ, vanyijSNJanasen M, el 



al- The Bax alpha:Bcl-2 ratio modulatas the re- 
$ponsd to dexamsihasona in lauka^mic celle and 
1$ highly variab(6 tn childhood acuta leukaamid. 
tnl J Cancon 1997;7l:959-96S. 

163. Uckuri FM, Yang 2, S4<her H, at el. CalluJar ex- 
pression of antlspoptotk: BCL-2 pncoprotaln In 
newly dtagnosad childhood acute lymphoblastic 
leukemia: a Children's Cancer Group Study. 
Blood. 1997;83:3769'3777. 

164. JIa U Macey MG. Yin Y. Newland AC, Kei*4y SM, 
SuhceHuiar distribution and redlatrloution of Bcl-2 
family proteins In hurpan leukemi* cells undergo- 
ing apopioaja. Blood 1 899;93:23S3^23$d. 

1 65. Canpoa l, $aoida O, Mattel A, Vaaaeton C, 
Guyotat 0. Expression ot apoplosia-controiflng 
proteins in acuta levksniia cells. L«uk Lym- 
phoma. 19ea;33;499-S09. 

165- Moganh LA. Wall AG. Increasad BAX axpraasion 
is aeaoclatad with an Irtcr^asad risk of <'«(apse in 
chtfdhood ^cuta lymphocyllc leukemic. Blood, 
1 999:93:267 1-2676, 

167. Qf««n DR, Read JC. Mitochondria and apoptosis. 
Scienca. 1996:261 :1309-1 312. 

1 68. Adama JM. Gory S- ThQ Bcl-2 protein lamilyi arbi- 
ters ol call avfvlvat. Science, 1 998:281 :1322- 
132S. 

169. Groae A, McDonnell Jfwl, Korameyef SJ. BCL-2 
family menrtbara and Ihe mitochondria m apopw- 
3is. Genas Oev. 1999:13:1899»1911. 

170. inaba T, Robens WN^. Shepiro LH. el al, FuAion of 
the leucln* ripper gana HLF (o the &2A gene In 
human acute Q-flneaQd leukemia. Science. 1992; 
257;531-S34. 

171. Mungar 3P. Ohyashikl K. Tbyama K. Cteary ML. 
Mil, a nova! hepatic bZlP pfoiofn, ahowa all^fed 
DNA-blndIng properties following fusion to E2A In 
1(1 7;1 9) acute lymphobiastic teuKerMa. Gene* 
Oev. 1992:6:1608-1620. 

1 72. inaba T, tnukat T, Yoahihara T, et al. fiaversaf of 
apoptosis by ihe leukaemia-associated G2A.HLF 
chimaehc transcription factor, Nalure. 1996;362: 
541-544. 

173. Ikuehtmai S, Inukal T, inaba T, NlmorSD, CfevC' 
land JL, Look AT. Pivotal role (or ihe NF1L3/ 
g4eP4 transcfipuon factor in interieukin 3'med'- 
ated aufviwal oi pro-B lymphocytes, Proc f^atl 
Acad Sci USA, 1 997:94:2609-2614 

17A. Kurosawa H, Go* K, Inukal T. at Al. Two candidaie 
downstreerr* target genaa (or e2A-HLP. Blood. 
1999:93:321.332. 

175. Inukai T, inoue A, Kuroaawa H. ar al. SLUG, a 
C6S-1 -related zinc (ir^g^r transcription factor geno 
with antiapopiotk; activity, Is a downstream targdi 
01 tha E2a-H1,F ijncoprotoin. Mo! Call, 1999;4: 
343-352. 

176. Honda H, Inaba T, Sozuk) T, at al. Expreaaton of 
£3A-MLF chimeric protein induced T-ceil apopto- 
sis, B-ceii maturation arrasi, and deveiopmeni o/ 
acula lymphoblastic loukamia. Blood, l99e;93: 
2780'2790. 

177. Smlm K5. Whan Rhee J, Nauniovskl L. Cieary 
ML. Disnjpted differentiation and oncogenic 
Ifanafomation of lymphoid progenitors rn E2Ar 
HLP iransgenlc mice, fvtol Cell Biol, 1999:19; 

4443.44S1. 

176. Nourfitt J, Mellentin JO, QaHH N. ei al. Chromo- 
somal translocation ({1;19) results In synthesla of 
a homaobox fualon mflNA that cod«s for a poten- 
tiat chlmeoc tranecnption factor- Cell, 1990:60; 
535-545, 

179. Kamps MP. Mgrc^ C. Sun XH, Baltimore 0- A new 
honr»eobox g«ne contriootes the DNA binding do- 
main of ihe t(1;18) translocation protein m pre-S 
ALL. Call. 1990;60:S47.555, 

180. Wungef SP. Chromoaomal translocations involv-. 
fng the £2A g^ne In acuta lymphobtitstic leake* 
mia; clinical fealura^ and molacuUcpalhogen- 
eeia. Blood. 1996;87:1211-1224. 

161. DederaOA, Walter EK, LeBwn DP. at ^i, CW- 
meffC homaobe^ gene E2A-PBX1 Indycos prolif- 



eration, apoptosls. and malignant fymphomae ,n 
transgenic niico. Call. 1993:74:633-843, 

162, Kamps MP. Qaltimora D. S2A*PbKl. Ihe l(1;19) 
tranalocfttfon prolein ol human pfe-B cell acuta 
lymphocytic leukemra, cau&ea acute myeloid 'eu- 
Kemla In mice, Mol Catt Slol, 1993;i 3:351.357. 

163, Cadlgan KM, Nusaa Wnt signaling: a common 
ihema ir^ animal development. Genes Dev- 1997; 
11:3266-3305. 

164, McWhtrter JFl, Neuteboom ST, Wancewicz EV, 
l^onla BP, Downing JR, Murra C, Oncogenic ho- 
maodomain transcription facto** E2A-Pbxl aai* 
v«tds a novel WMT gene (n pre-B acute tympho- 
blastold leuKdmta. Proc Nail Acad $ci U S A. 
I9e9;96; 11464-11469, 

185. Ollty SA, Jagger CJ. Bona marrow siromal cell 
chenges In hematological maHgnandes. J Clin 
PQthoL 1990;43:942-946. 

166- Wormann B, Geaner TG. Mufaor^ flA. LeBlen TW. 
PrortJerath/e effect of infefi6Ukln*3 on normal and 
leukemic humftn B celt pnacufsona. Laukemra. 
1969-,3:399-404. 

167. Uckun FM, Gasnef TG, Song CW. Myers 06, 
Muf4on A. Leukemic B-ce« precuraori expresa 
functional recaptare tor human lnterteukin-3. 
Blood. 1989;73:533-542. 

lee.Touw 1, Grooi-Loonen J, Broedere L. at tti Re- 
combinant hemaiopolallc growth factors iail to 
induce a p'oliferahve responaa In precursor 3 
acute lymphoblaeTic leukemia. Leukemia, f 969:3: 
3se*362. 

169. Touw I. Pouw»el5 K, van Agxhoven T, oi al. Inter- 
leukln-7 i« ft growtli lector of precuf&or B and T 
acute lymphoblastic leukemia. Blood. 1 990;75: 
2097.210 V 

190- eaef Ui Otlmann OG, Hansen-Hagga Tg, el al. 
5ttect3 ot recombinant human lL-7 on blaatcell 
proli/eradon in acute fymphoeiestic leukemia. 
L«UKemia. 1 990:4:533-540. 

191. Skjonsbarg C, EriketeJn BK, Smela<^d E0, et ai. 
tnlarteokin-Z diffefentfaies a subgroup of acuie 
lymphoblaailc leukemlaa. Blood, 1991:77:2446- 
24S0. 

192, Makrynikola V. Kebrai A. Bradstock KP. effects ol 
recombinant htiman cylokines on precursor-B 
acute lymphobiasltc leukemia ceiia. 6xp Hematoi. 
1991:16:674.679. 

193. Mirro Jr J, Murwitz CA, Behm PC, el al. Effects of 
rgcombinam human hematopoietic growth lactors 
on leukemic blasts from cnildron wdh acuta my- 
alobtastic or lymphoblaslic leukemia. Leukemia. 
1993,7: 1026" 1033. 

194, Eder M. Hemmail P. Kaiina U, et al. effects of Fits 
ilgand ar\d mierleukin-? on in vdro grov*ih of acute 
lymphoblastic leukemia ceils. Exp He^rnaloi, 1996; 
24:371-377, 

196. Ponrven-Oelucq S. Hibnar U, Vilmer 6, el al. Hel- 
erogenaiiy of 6 lineage acute lymphoblaatic leu* 
Hernias (S-ALL) with regurd to their in vitro spon- 
taneous proliferailon, growth fj^c tor reapon$9 and 
BCL-2 expresalon. LeuKLympnoma. :996;21: 
267-260 

196. T^ng J. Soott G, Byan OH, SubpopuiaHons of 
bona marfow fibroblasts suppott VLA-4-mediated 
mlgratkin of B<sfiII precuraora. Blood. 1993;02: 
3415-3423, 

197. Bradetock K, (wraKiynikola v. Bianchl a, Bylh K. 
Analyaia ot the mechanism of adheiion of precur- 
sor*B acute lymphoblettic leukemia celle to bor^e 
marrow nprobfaata. Blood. 1 993:82:3^37 -<J444. 

198. MakrynlKofa V, Blanchi A, Brapsiock K. Gottlieb 
0, Mewaon J. Migration of dcute Jymphobfastic 
leukemia calls into human bona marrow stroma. 
Leukemia. 1994:6-, 1734- 1743. 

199. Geijtenbeak IB, van KooyK Y. van viiet SJ. 
Renes MH, Haymaker* RA, Flgdor 06. High U^- 
quency of adhealon defects In B-lineage acute 
lymphobfasUe leukemia. Blood. 1999:94:754*764. 

200. Ntahli K Katayama N, Miwe H, et al. Survival or 
human 8'celt precuraors i$ supported by siromal 



SEP. 27. 2000 5:51 



LIBRARY & INFO SVCS 650 3299526 



NO. 0492 P, 16 



BLOOO, 1 JULY 2000 - VOLUME 96, NUMBER 1 



FATES OP HUMAN S^CELL PRECURSORS 23 



cells and cytoKtres; association wnh the eitpresslon 
o/bcl-2 pfolaJn. J Ha^nriaiol. I999n05:70l-ri0. 

201. Manabo A, Cousian-SmW e, B«hm FG. Ral- 
mondl SC, Camp^na O. Bon© marrow-dariv^d 
arromai ceHs prevent apoptotic celi death In 
e-Hnaage s^cot« lymphoblastic leukemia. Bma, 
1892:79:2370-2377. 

20£. Manab* a, Murtf KG. Couatan-Smlm £, «t ai, Ad- 
hesion-cfependant aurvlval of normal and leuke- 
mic humafi S lymphobtasts on ftoftd marrow atro- 
mal ceila. Biood. 1 994:a3:75a-766. 

203. Ashley DM, Sol $j, Kannourakia G. Humeri tone 
marrow st/iomal cell contact and soiu&ia facro^ 
hav6 different effects on tha aurvlval and proUU 
erjtOort of paedlairlc &-llnea9« ACutd lyrrtphoblas- 
!lc leukaemlc hlaeta. Uuk R«S. 199^:18:337-346- 

204. Bmdatock Blanch! A, Mak/vnikola V, Rlahte a 
Gottlieb 6, Long^l^rm $orvi^al and prottferailon of 
precufHor-Q acute (ymphoblastlc leokemla ceHs 
on human toon» m^rtow stroma. Leukemia, 
1996.1 0:813-620. 

205. Kumagal M, MAnabe A. Pui C-H, er al. $trorn4- 
eupponed culture o< childhood &-llneage acw© 
(ympnobtast'c leukemia ceHa prai^iict^ iroaiment 
ovitcome. J C!!n Inveal. t996;97:75S'760. 

£oe, 'to C, Kumagat M, Manaoe A, et at. Hypardlploid 
acule lymphobl^i^tic teukomia with St-55 chromo' 
somea; a tfstlnci biological entlry wim a marKad 



p'Opensity to undergo 4{)opt08ie. Blood. 16&9;93: 
315-320. 

207. Maisuo Y. Drexler HQ. E4tabl($hmern and charac- 
toflzailon of human B call pr&cur?or>)eukemia cell 
Unas. Ueuk Res. 1998:22:587-579. 

206. Shah N. Os«lh LL. LeBian TW, Davfttopm«nt o( a 
modal for av^lu^irn^ (he interaclion bocwa^n hu- 
man pra-Gi acuta tymphobtaaik: lackdmic call^ 
and ihe bone marrow stromal c«(t microenviron- 
mam. aiood- 1998;aa:3d17-3S28. 

20&. Lyanotm AS, Shah N. LeBtar\ TW- Charactarira- 
Uon of apoptotic pathways Induced followmg bona 
marrow stromal ceil-deprlvatton lh« human 
pfe-6 ALU eel! Mrve BL(N-2. rn proparalion. 

210. Shah N. Osfllh LL Mirsch BA, UBieft TW, Analysis 
of ihQ bona maprow stomal cell dependency of novel 
human B-llneaga ALL Cdfl lir\es. in prapaiatlod. 

211. Gfimchef LH. Singn H. Tfanscripiion faaora In 
lymphocyte devetopment; Tend B calls get to- 
galher. Call. 1999:96;! 3-23. 

21 3, Engel I. Murra C- Transcription ladora In hentatO" 
p<Ji«ii6. Curr Opin Ganat Oev, 1909:5:575-570. 

£13. RolinkAO. Nutt SL. Melcher-a F. Susslfnger M. 
Lon<3-t«fm in vivo reoonatJtui^on o( T*cell davelop- 
mant by Pan5-defioianl B-ceti progenitors. Na- 
ture. 1999;40 1,-603-606. 



214. Kfutt SL, Heavay S, Relink AG Buaatlflger M. 
Commitmant to tha B-lyntvp^Ofd lineage dapervds 
on 1h« iranftcriptfon factor PaxS, Nature. 1S99; 

215. Jaleco AC. SragrrtunA AP, H9emak6r*< Mm. dt »(. 
Genetic modification o< hurnao B-deK davelop- 
meni; B^ell devaioprnent is inhibited by the 
domtfvant negatlva he tlx loop neitx facior id3. 

216. MinegW Y, Rohrer J, Couaian-SmHh E, et a(. An 
easanttai rol« for BLNK In human 6 celt develop* 
menl. Science. 1 999^266; 957, 

21 7. Pappy H, ChehQ AM, LI B, e\ a), ftequiufneni for 
B cei( imner protein (6LNK) In B cad development. 
Scienoe. 19991266:1949-1954. 

218. Jumaa H. Wodacheld 8, Mftterer M, Wlenan^C J, 
Reih M, Nielsen Pj, Apnodma* aavetopmant and 
function of 9 Vmphbcy^ea (n mice deficient (or the 
signaling aoAplor protein SLP-55. Immunity, 
19&9;11:&17-S5d. 

219. Marshall E. Oo-U-yourseif g*ne watching. Sci- 
ence. 1999;286:444-M7. 

220. Oolub TR, Stonim DK, Tamayo P, el dl, Molecula*- 
classlflcatton of cancar; cfass discovery and class 
prediction by gene expreeaton monHorfng. Sci- 
ence. 1009:296:531-537. 



bl^P as a0©0 14! 10 FR CI ST I iCIST 



6 13 398 



( r 



APPLICANT'S 
EXHIBIT 



28 



tmmaUon&f immunoiogy, vbf. 12, No. 3. pp. 397-^0^ 



<^ ZOOO The Japariese Society for Immunology 



B cell development and activation defects 
resulting in x/d-like immunodeficiency in 
BLNK/SLP-65-deficient mice 

Shensli Xu, Joy En-Lin Tan, Esther Poh-Yjng Wong, Arunkumar Manickam, 
Sathivel Pooniah and Kong*P«r»g Lam 

Instituce of Molecular and Cell Biology. National University of Singapore. 30 Medical Drive. Singapore 
117608, Repucilc of Singapore 

Keyworcis', adaptor protein. 8 cell antigen receptor CDS* B cells, signal iransducticn, gene targeting 
Abstract 

Engagement of (he B cell receptor (BCR) leads to the activation of tyrosfne kinases and other 
signaling molecules that ulttrnately determine the type and magnitude of the B lymphocyte's 
cellular response. The adaptor protein BtNIC/SLP"65 plays a pivotal role in BCR signal transduction 
by coupling Syk activation to downstream etemenid such as Grt2, pho$phollpa$e C-^; Vav and 
Nek, We have generated BLNIC^- mice to determine the physiological role of this protein in B cell 
development end activation. BLNK"'" mice exhibit an incomplete block in B cell development with a 
severe inhtbttion of pro-B to pre-B cell differenUacton. BLNK~^* sIgM* cell$ can develop, seed the 
peripheral lymphoid Masues and accumulate In numbers ovftrttme. However, these mutant B cells 
failed to mature and are non*reaponsfve lo BCR eross-nnklng in lerms ol proliferation and up- 
regulation of acttvailon markers such as COaa and CDse (B7-a). In addition, the CDS* subset of 
B cells Is aboent. The immune response to T celMndependent antigen but not T cell-dependent 
antigen is also impaired. Overall* the phenotype of BLNK"^ mice bears a striking resemblance to 
that of xid mice which \s the tnurJne model of human XLA that has a mutation in Bruton*s tyrosine 
kinase. Thi@ raises the intereating possibility that mutation in BtNK/SLP*65 may be rasponaible for 
certain human immunodeficiencies. 



Introduction 

The pre-3 ceil receptor (pre-BCft) and the BCR play pivotal 
roles In \he development of B lymphocytes. The pre-9Cf^ 
comprising the Ig heavy chain and surrogate light chains, and 
the BCR thar fs composed of the surface Ig, are complexed to 
the signal transducing subum't^ iga and Igp Studies 
with the IJ.MT mouae that haa a targeted detetion of the 
transmembrane exon of rhe Ig heavy chain (2) or th© XST 
mouse ihat lacks surrogate iight chain (S) indicated ihai th6 
inability of these mutant mice to express a pre-8CR car) lead 
to ihe arrest of 8 cell deveiopment at a very early stage. In 
addition; mice wUh e compromised BCR resulting from th© 
truncation of the cytoplasmic tail of Iga (4) do not accumulate 
mature B cells in iha periphery. Rnaiiy, the Induced ablation 
of BCR on mature peripheral 8 cells leads to their rapid cell 
death (5). Taken together, ihes© studies implied that signals 
from the pre-QCR and BCR are required for the progression 
of 6 lymphopoiesis and the rnaintenance of 8 ceil survival. 
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Signal transouctbn evems have been studied extensively iri 
8 (ynrtphocytes. Engagement of the BCR activaies cytoplasmic 
protein tyrosine kinases such as Syk, Lyn. 81k and Bruton's 
tyrosine kinase (Stk) and can lead lo a multitude of cellular 
responsfes. such as proliferation, activation, differentiation or 
cell death The current challenge inihe field of B cell signaling 
is to identify specific signaling pathways that associate with 
a particular cellular response. Recently^ it has been demon- 
strated that adaptor proielns play a major role in interfacing 
tyrosine kinase acCivation t>y lymphocyte antigen recepiors 
with selective downstream signaling molecules. One such_ 
adaptor molecule termed BLNK (7), SLP-65 (8) or BASH (9) ' 
has been identified in 6 cells and is specifically Involved in 
SCR eignaling. BLMK can associate with Bik (10) and also 
couple Syk activation to Grba, phospholtpase C (PtO-y. Vav 
and NoK (7), and \z intimately associated with intracellular 
Ca** mobiliMtion which Is csaoniial for cell activation 
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BLNK conrains a C-terminus SH2 domain, several SH3 
domains and a series of YXXP moitfs in the N-terminus (7-Q). 
1 1 bears striking homology to another adaptor protein SLP-76 
Thai Is expressed in T cells (12) and intimately involved in 
TCR signaling. In general, (he order of the signaling events 
from the TCR and BGR is quite similar^ with Ihe engagement 
of the antigen receptors triggering the activation of similar 
classes of intracellular cytoplasmic kinases, in analogy to 
BLNK in B Cells. SLP'76-coupled TCR induced 2 AP-70 (the 
equivalent of Syk) activation to Ca*" mobiiizaibn in T cells 
(13). In addition, SUP- 76 Is essential (or T cell development 
as its inactivation in the mouse germitne leads to a profound 
block in thymocyte maturation at a very, early stage (14 J5). 
Thus, given the central role of BUNK in BCR signaling and it5 
similarity to SLP-76 in T cells, v\/e have inactivated BLNK in 
the mouse to study its physiological role in 6 cell development 
and activation, 

Methods 

Generation of BLNK/SCP'65-d0ficient mice 

The cONA for BLNK/SLP-6S was obtained by RT-PCR oi RNa 
isolated from mouse spleens using primers S'-AGTG- 
0CTT6AGrrcTTGAGGC-3' and 5'-aGAAAAGCTCGTGTG- 
AACOCC-3', and used to screen a mouse 129 genomic DNA 
library. Restriction enzyme digestion. Southern blotting and 
DNA sequencing were used to map a phage clone containing 
some 5' exons of BLNK. Subsequently; a targeting vector 
was constructed to replace the exon containing the startit^g 
ATG and a funnel <5 kb ONA upstream with a nec^ gene. 
A 5 kb damhl-Cfai fragment a' and a 2 kb Nhe\~BamH\ 
fragment 3' of the deleted exon were used as the long arm 
and short arm of homology respectively. To inactivate BLNK 
in the germline, 10"^ £14.1 embryonic stem (ES) cells were 
©iectfoporated with 10 of Nort-ilneari^ed targeting vector 
and selected with 300 |ag/mf G4i9 (Gibco. Hong Kong. ROC) 
and 2 garicydovir. Double-drug^resistant SS cell clones 
werescreened by Soucherri blotting for homologous recombin- 
ants using probe A as shown in Fig. 1. The frequency of 
targeting was 1:100. TWo ES cell clones with the correct 
configuration of the targeted locus were injected into C57BU/ 
^^blastocysts to generate chimeric mice for germline transmis- 
sion of the mutant allele. 

Antibodies 

The following mAb used in the flow cytometry analyses were 
purchased from PharMingen (San Diego, CA): anti-B220 
(RA3-6B2); anti-igM (331.12), antWgD (1.3-5), anti-CDa3 (S7), 
anti*CD6 (53-7), anii-C0l1b (M1^0), anti-C053, antl-CD69. 
anti-COee (B7-2), ann*-^i^(D$-t) and anii-^*^ (AF^78,25). The 
goat anti-mouse IgM F(ab) 2 fragment used in the in vitro 
siimulaiion assays was obtained from Chemioon (Temecula 

OA). 

fi^CS anafyses 

Tissues and cell preparations for flow cytometric analyses 
were prepared as previously described (16). In brief, single^ 
cell suspensions were obtalr>ed from spleen and lymph nodes 
Dy dissociation o1 Che$e tissues with a pl»»t[<s mesh and a 
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rubber-stopper from a 5 ml syringe. Peritoneal cavity and 

bone marrow cells were obtained by injeciing staining medium 

(PBS containing 3% PCS and 0.1% NaNa) into the peritoneal 

cavity and femur and tibia respectively using ?i 10 and 1 ml 

syringe with a 26-gauge needle. All ceils were treated with 

red blood cell lysing solution (O.IS M NH4CI, 1 mU KHCO3 

and 0.1 mM NagEOTA) to eliminate erythrocytes. For FaCS [ 

analyses, cells were stained with optimal amounts of FITC-. i 

phycoerythrin (PE)- and biOTin-conjugated mAb for 10 min 

on ice, and washed 3 times with staining medium. Bioiin- , 

conjugated mAb were reveaiad with streptavidin-CyChrome, ' 

Flow cytometry analyses were performed on a FACScan 

(Becton Otekinson, f^ountain View, CA). 

in vitro sxfmuintion and proiiferadon asseiys \ 

Splenic B cells were obtained from wild-type and mutant mice ' 

by negative selection using MACS (MUtenyl Biotech) with anti- 

CD43 mAb-couplea magnetic beads that bind T cells and ( 

macrophages. The purity of B cells obtained was >90% as | 

assessed by anti-e220 and enti-lgM mAb staining in FACS. 

analysis. For the in vf'fo^ stimulaiion assay, 10^ purified B cells 

were seeded into 4S-weji tissue culture plate and incubated 

with 10 goat anti-mouse IgM F(ab)'2 fragment overnight 

in RPfvtl medium supplemented with 10% FCS. Cells were 

harvested and stained for the expression of activation markers. | 

A cotorimetric MTT assay (floche. Singapore) was used 

according to the manufacturer's instructions to measure cell 

proliferation in viifo. Briefly, 5x10^ purified B cells were 

stimulated with varying concentrations of goat anrl-mouse 

IgM F(ab)'2 iragmeot In a 96-well tissue culture plate, After 1 

48 h. the cells were incubated with the f^TT labeling reagent i 

for a further 4 h followed by the addition of solubilization j 

solution overnight. Cell proliferation was quantified using an ! 

ELISA reader at 570 nm wavelength. ( 

Immunizations of 6LNf</SLP-65-deficfen( mice \ 

The ability of BLNK*-'" mice to mount a humoral immune j 

response was asses^edi by immunizing the animals with the i 

hapten 4-hy6roxy^3-nUrophenyi acetyl (NP). Wild-type and 

mutant mice were immunised l.p. with 10 NPag-Ficoli in PeS j 

to examine their immune responses to a T cell-independent 

antigen. For the immune response to a T cell-dependent 

antigen, mice were immunized i.p. with 100 ng aium-precipit- 

aied MPi7-chicken globulin (CG). Sera were obtained from j 

mice at day 0 and 8 of immunizations to detect the presence 

of NP'Specific antibodies in an ELISA. To detect NP-specific 

antibodies, the ELISA plates were coated with 50 ^1 of 5 \igl 

mi NP-eSA and blocked with 3% BSA. Pre-immune and j 

immune eera were added at various dilutions to the wells of 

the ELISA plateo. Specific antibodies of class IgM and tgG3 

were quantified for the T-independent. and IgM and igGi for 

the T-dependent immune responses reepecciveiy. V j 

Results 

Generation of BLNK/SLP'65-defIcient mice ' 

6LNK/SLP*05-deflcient mice were generated by deleting the 
exon containing the starting oodon ATG and a turther 4.5 Kb 
0/ ONA uDSiream in mouse ES cells (Fig. 1). The deletion of j 
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Pig. {/^) inactivation of BLNK/SlP-65 in (he mous« germline. Partial restriction endonuclease map o( the wlld-tyoe allele lha taroetino vi^etor 

?rL\Lr?rc f^^f^H^^'^l^^^ ^'^!^^^ f ^i*"^^ ^'^9 replaced by the /.^c/ oene. fccR/ digesdon of genom^^DNA wm y eld 

fmfimenrs and 5 Kb as revealed by probfi A for the wiW-type and targewd a(l«l«$ respectively. (8) Souihern blot ar^alvsrof 

fl ^rSM' ''J^'^'^'^V'^o^i^^^^^^ ^^^^'^^ <C) RT^WR of bone marrow^^amples obtained fror^ ^^^^^ 

r'Tn ^^f"" .5 regions corresponding to bp 38-396 and 99<>-2013 of the SLP^S cONA respect,v5v Tr^l 

RT-PCR for the housekeeping gene GAOPH \$ Ificluded as controls. ^--r-^o cwink respeciiveiy. tne 



ihe exon containing the ATG was verified by Southern blotting 
(Fig. 1) and by ONA sequencing (data r»oC shown). Two 
tSLrgete^ B$ cells were injected into mouse blastocysts to 
generate chimera that were sabsequenti/ bred to produce 
mice carrying a germline mutation BLNK/SLP-65, Homozy- 
gous mutant mice ©brained were designarea 8LNK"^" The 
gene targeting strategy and the derivation homozygous 
mice are depicted in Rg. 1(A and 8 respectively). 

To ensure the insctivalion of BLNK. f=rr-PCR was performed 
on bone marrow and spleen samples wicn primers that 
correspond to the 5' and 3' portions of the BLNK cDNa. As 
shown in Fig. 1(C), no BLNK message was detected in the 
samples obtained from mutant mice compared to those from 
wild-type control. Thus, the BLNK loci have been disrupted. 

Initial flow cyiometrtc analyses using cell surface markers 
suggest that there were no detectable defects in the develop- 
ment of macrophages, T, NK or dendritic cells (data not 
shown), consistent with the fact that 8LNK is not shown to be 
expressed in these cell types (7«9). The major defect of 
BLNK*''" mice Ilea in the development and function of the 8 
lineage ceils, and that Is the focus of our subsequent analyses, 

Se^^er& buz fnccmplete block In B ce// dQ\^Qlopment in the 
bone marrow of BLNKJSLP'66-d&ficient mice 

To determine the effect of BLNK/SLP-SS inactlvaiion in early 
8 cell development, we analyzed bone marrow cells of mutant 
and WfidMype mice by flow cyiomelry. As shown in Rg. 2 
(upoer panel) and Table 1, immature B220'*"lgM'^ e cells can 



be found in 8-week-old mutant mice although ihey were 
reduced considerably by *3-fofd compared to wild-iype 
control. In addition, the population of re-circulating 
B220^'9'^lgM'«'^ cells was also largely diminished by 2- to 4- 
fold. To gain belter insight into the specific B cell stage 
in which the BLNK/SLP^65 mutation manifests its effect. 
B220*lgN/r calls in the bone marrow were further stained with 
anti-C04a mAb to resolve prc^e and pre-6 ceils (17). As 
can be seen in Fig. 2 (lower panel). BLNK/SLP-66-deficienT 
mice lacK a population of B220-*^CO43" pre-B cells that was 
reduced by 5-foId compared to wild-type animals, in addition, 
there was a S-^fold accumulation of B220'*-CD43* pro-B cells 
in the bone marrow 0/ these mutant mice. The increase in the 
proportion of pro-B cells in BLNK~^~ mice reflects an Increase 
in the number of these ceils as compared to wild-type mice 
(Table 1 ). Thus, the inactivaiion of 6LNK/SLP-66 results in a 
severe inhibition of pro-B to pre-B cell transition. However, 
Che block in B ceil development ifi incomplete as a small pool 
of IgM* B cells is generated. 

GLNK is not required for the maintenance of peripheral B celts 
Row cytometric analyses of spleen and lymph nodes of 
BLNK"/- mice indicate that 6220* IgM* 6 cells can be found 
in the peripheral lymphoid tissues although they are reduced 
in numbers considerably (Figs 3 and 4). This suggests 
that developing BLNK"^* B cells can ex(; the bone marrow 
environment and seed the peripheral lymphoid organs. 
Expression of a BCR Is required for the perslsience of B 
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Fig, 2. Plow cyiomexfy analyses of bone marrow cetls from wild-type 
and BUNK"^ mice. Calls w^re obtained from me (emur ana tifeta of 
a-Nve«k-o*d mice, and stained wiih FITC-anti-*gM, P^a(uB2Z0 and 
biotln-^ami-CD^S (57) mAb, The la«er was revealed by strepuv'din- 
CyChrome. The upp^f panel depicts ihe B220 versus IgM staining 
bone marrow cells, whereas (he li?wef panel depicts (he B220 
versus CD43 profiles of IgM" t>one mafrow cells. 3 cell$ al different 
stage? of 0$veiopmer\: are Indicated. Numbers indicate percentage 
of celfs in (he lymphocyte ga*e. Rep''esamaiive ot >10 analyses. 



Table 1, Bone'marrow e cell populations (xio^) tn wild-type 
and BLNK""^' mice 
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Cells were obtained frorr one femur and tlbfa c' (nice that were 6- 
6 weeks old. 

The nvtmber of B cells at each devefopmeniat siaye was eslimaled 
on th« basis of total cell count and flow cytometric analyses as shown 
in f\g. Z, 



c«lts in the peripheral lymphoid tissue (5>. It is postulated that 
the BCR provides a low-level survivaf signal to the peripheral 
B lymphocytes that Is d/stinci from the stgnai mat Is required 
to activate them (19). To determine whether signal transduced 
by 8LNK Is required for the mainter^ance of 6 cells tn the 
periphery, w© examine Ihe number of 6 cells in the spleens 
of BLNK'^" mice of varying age. As shown in Rg. 3(A and B). 
the number of 6 ctlls that are found in 3-week-old SlnK"'' 
mice is drastically reduced by 30-fold compared to control 
mice of similar age, IHowever, as the mice grow older, ihe 
reduction in B cell numbers compared to control nr^lce of 
equivalent age decreases, such ihai by 6 and 12 weeks of 
age, BLNK mutant mice have only 7- and 2-foid fewer 6 cells 
than wiid-t/pe animals of comparabie age respectively. This 
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Ftg. 3, Flow cytometry analysis of spleen and lymph riode cells from 
wtid-cype and BLWK'^ mice. (A) Spleen ana lymph node cells of 3- 
and 12-weeK-did wHd-type and BUMK"^"mfce were atainecj v^^ith FtTC- 
anti-lgfw! and Pe-amt-B220 mAb to resolve for the presence of 8 
lineage cells in the periphery. Numbers indicate the percentage o1 
cells in the lymphocyta $at«. R«presentaiive of more than three 
analyses of nrttoe for each age gr'oup. (S) Number of 6 celid found 
in the spleens of 3-. 7- and 12-week-old wild-type and QLNK"''' mice 
as eaUmaled by total splenic cell count and flow cytometry analyses 
as shown in (A). The fold difference in the number of © cells between 
witd-r/pe and muiani mice of similar age is indicated for each 490 
group. Analyses include more th^n four mice for each age group. 
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accumulation of B cells in BLMk-/- rT,r^« •*w i ne 



Peripheral B oefis can be subdivlaed Into Fractions I ii anw 
'II on the basis Of dif/erenrial IgM and io tio^B^J^ 
represent dWereni stages of Q c^\\t^Sf&S^^VL^J^^ 
Fractions .11 (IgMn^D-) and II ^JSKoK J" 1h« 
newly emigrating or transitiorial 8 clns where J ^IL ^ 
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Pig. G- Sunk-'-* B cens cannoi be activated /n vicro. (A) BLNK"^ S 
ce))5 do not up-ro^ulaie CD66 and C069 in reepor\$e to anti-lgM 
gtimulafion. Purifiad splanfo B cells from wiW-iype and BINK"'" mict 
were iAcubaiCKd in medium alone or wUh 10 ^gfm\ gent anti-mousd 
io(W F(at))'2 ffagmeni ovemighi, and stained wfih .ann'-B220 and anti- 
C0$6 (B7-2) Of ani^CD69 mAb. Representative of tnroo separate 
expefimants. (B) BUNK''* B cells do not proliferate in re&ponfi* w 
6CR CfOS5-tinking. Purified B cells from wHd-iype and BLNK~'~ mice 
were stimulated with increasing concamrations of goat anii-mouse 
IgM P{ab)'2 fragment for 46 h and ceil proliferation was ciuaniUied in 
a MTT colorimeiric assay. 



expression of CD69 or CD66, indicating that they are non- 
responsive to activation via BCR cross-HnKlng. 

AcHvated wild-type B cells also undergo cell prolifefaiion 
upon BCR Ofoss-Iinking in a manner pn^portional to the 
concentration of stimu*ating ant»-lgM mAD present (Fig. 6B). 
However. BLNK^- B cell© do not proliferete even in the 
presence of increasing amount of stimulant given. Thuo, mese 
data indicate that BLNK^ B celts are non-responsive to BCR 
cross-tinwng in vitro. - 

fmpBiired T GGfi-independent byt not T cell-dependeni immune 
respens&s in BLNK^'^ mice 

Antigens that elicit an antibody response from B cells can be 
classified cither as T Independent or T dependent according 
lo their dependency on 004*^ Tcell hefp. To examine whether 
BUviK"/" mice can mount an efficient immune resportse to 
exogenous antigens, we firet immunized mice with NP coupled 
to Ffcolf (NP-Pico(l), a T ceU-independent antigen. The primar/ 
antibody response to NP-Ficoll is mainly ot the IgM and IgGS 
Class. As can be seen in Pig. 7(A), BLNK-'* mice showed 
undetectable IgM or lgG3 antibody response to NP-Ficoll 8 
days dfter Immunization compared to the wild-type centre*. 
For the T-ce)l-dependent immune response, we immunlrf d 



mice with NP conjugated to CG (NP-CG). As shown in Pig. 
7(B) and in contrast to the situation for rhe T celMndependeni 
antigen, BlnK"^' mice can mount an effective immune 
response lo NP-CG that ia comparable to wtid-type animals, 
both in terms of IgM and lgG1 secreiion. Thus laKen together, 
the data indicate that BLNK*^- mice have an impaired immune 
response lo T-independent but not T-depen dent antigens, 

Mice deficient for the adapior protein BLNK/SLP-€5 exhibit a 
severe block in early B cell development at the pro-B to pre- 
a cell transition stage where the pre-BCR is expressed, This 
is consisient with the notion that a signal from the pre-BCR 
is required for the progressior* of early B lymphopoiesis (1) 
and presumably BLNK is needed for the transduction of such 
a developmental signai. Hov^ever. mis early developmental 
block is incompJete as slgM"^ 8 cells do develop that could 
eventuaWy seed the peripheral lymphoid tissues. It is not 
Known currently why and how these algM^ B ceiJa could 
bypass the developmental block at the pro-B to pre-B cell 
lransi(ion stage. It is intriguing to speculate that perhaps 
these sigM*' B cells encode lor poly^eactjve antibodies that 
recognize ceriain environmental or self llgands with higher 
afflnicles and this heightened interaction provides the signal 
that could compensate for BLNK deficiency during the devel- 
opmental process. This possibility can be readily tested by 
breeding ig heavy and light chain transgenic mice bearing 
polyreactive or autoreactive antibodies with BLNK'^" mice. 
Such experimenis are in progress in ihe laboratory. 

Interestingly, BLNK"*'" mice failed to generate a population 
of ?gM*°*igD^'^'' B cells in the periphery and lack 8-1 ceils In 
the peritoneal cavity, in addiHon, BLNK*^" mice could not 
mouni an effective numeral irnmune response to T cell- 
independent antigens while maintaining a normal T cell- 
dependent Immune response. While the current v^ork is in 
progress, two other groups have also generated mice deficient 
in BLNK Of SLP-65 (22,23). The phenotypes of tn© three 
independently generated BLNK mutant mice (22,23 and 
current study) are comparable and together confirmed the 
physiological role of BLNK in B cell development. However, 
we differ with respect to the inability oS our BLNK"^- B cells 
to up'fcgulaie the expression of the activation markers CD69 
and C086 upon anti-IgM stimulation in vitro. This difference 
could be due to the use of an enriched population of 8 cell 
in our assay as compared to the use of total splenocytes by 
the other groups (22»23). U is conceivable that in ihe latter, 
other factors such as the availability of T cell help in the form 
of secreted cytokines might overcome the inability of BLNK"^ 
B cells to respond to anti-lgM stimulation in ^itro Another 
possible explanation for the difference in our data could be 
the difference in the timing of assessment of the activation of 
BLNK-^- B cells, In our study, we examine the up-i'egulation 
of the aciivaclon ntarkers after an overnight stimulation of 
<ie h. Since BLNK is en adaptor molecule thai facilitates the 
interaction of other proteins, the absence of BLNK may simply 
lead lo a slower kinetic of activation of mutant 6 lymphocyfes 
compared to wild-type cells. Indeed, further experiments will 
have to be conducted to determine The kinetics (ff any) and 
parameters of activation of 6LNK->^ B cells in vitro. Finally, 
our data indicating the inability of BLNK"^ e cells to proliferate 
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Pig. 7. BLNK^- mice have impsired Immune response to T ceH-indeodM©m but rot T cell-dependeot antigens. Groups of three wiW^ype (•) 
tjn^ SLNK~^" mice {•) were (mmunized l.p. with (A) ID ^g NP-Rcoll, 3 T ceil-lnoepenoent antigen, eno (8J lOO (ig aium-preciplloiQd NP-CO, 
a T ceii-depencfent antigen. $era we/e collected S days after immunlzatfon and quantified tor ihe presence of MP*specific antibodies of various 
lo classes in an euiSA using NP-SSa as the coating antigen. The immune sera were diluted several fold and the absorbance va?ues fo' (He 
Indicated dilution (e.g. 1:100 for I9<3i3 in the T celi-indapendenf Immune response) were plotted. Pfe-immune sera were negative fof' (he 
presence of NP-specific antibodies and are not shown. 



and be activated by an^l-tgM stimulaiiort In vitro would correl- 
ate much better wiih the inability of these mutant 6 ce(ts to 
nnotJnt a T cell-independent (mrrtune response in viva. 

a has been shown that BCfi expression is required for ihe 
nr^aintenanoe of peripheral 8 cells (5), Our additional data on 
the accumulation of peripheral 8 ceils in 6i,NK"^- mice with 
age suggest that signals transduced by BUNK are not Involved 
in the persistence or maintenance of lynr^phocytes. This is in 
contrast to the situation in mb-iAc/Ac mice thai fiave a 
compromised 6CR and in which the peripheral B cell pool 
does not expand with increasing age of the animals 
These data together would imply that the ceil survival signal 
mediated by )ga in the ecR complex not propagated by 
BLNK. Although 8LNK"^" B cells can accumulate In the 
periphery* the majority of these cells failed to mature to a 
lgM*^*'lgO^*5^ stage, suggesting thai BLNK^transduced signal 
is needed for the final maturation of 6 lymphocytes in the 
secondary lymphoid tissues. 

The developmental and functional defects in BL^JK'^^mice 
bear stfit<lr\g resennblanc© to x/d mice that lack Btk (24-20). 
Both mtjtant mice have a block in primary B lymphopoeisis, 
lack B-1 and mature B cells but accumulate fmmature 
IgM^-'s^lgD'****' and igM'^^ahjgQhioh ceiis in the periphery; and 
are unable to mount immune responses to T-independent 
Antigens. To a lesser extent, the 8 cell developmental defect 
in BLNK''~ mice is also similar to that of mutant nnice lacXing 
the Eyrosine kinase Syk (27,28) and to mice with disruption of 
the pSSa subunit of phosphoinostiilde 3-ktnase (PI-3K) 
(29,30). All these mutant mice had a block in the pro-8 to 
pre-S cell transition and lack the lgN4***'IgO'^*^^ peripheral 
B cell fraction. BLNK-^mice also bear a similarity in phenotype 
to mice that lack the proto-oncogene Vav (3i-<33) in mat they 
both have increased number of IgM^'S^IgO*®** cells and lack 
B-1 cells. The similarity in the phenotypes of these various 
mutant mice is not surprising considering that Syk, Brk, V^v, 
6LNK and perhaps also Pi-3K could Interact with each other 
biochemically (7,8.10.11), 8LNK has been identified as the 



major substrata phosphorylated by Syk that leads to calcium 
mobilization by PLC-")^ (11). Recently, it has been shown that 
BLNK can also bind to the SH2 domain of Btk (10). Perhaps. 
It is this disruption in Bik-BLNK Interaction that is responsible 
for rhe lack of B-i ceils in BLNK-'- mice. It remains to be 
established whether B-i cells failed to be generated or. If 
generated, fail to be maintained In 9LNK^- mice. 

Btk mutation is responsible for X-iinked agammaglobufine- 
mia (XUA), a human immunodeficiency syndrome (3^5)- A 
recent report indicates that mutation In BLMK can also cause 
human Immunodeficiency (3S). Since 6LNK-^~ mice resemble 
x/d mice, it Is now of great interest to establish whether 
mutation in 0LNK may be responsible for a large proportions 
of (he human immunodeficiency that is not associated with a 
mutation in Brk. This fs of particular significance as BLNK is 
expressed only in 8 cells and. unlike Syk (27.28) or PI-3K 
(29.30), Its deficiency does not result In embryonic (ethaliiy. 

Finally disruption of SLP-76 in T cells leads to a compfeie 
block In T cell development (14.15). whereas IgM* S cells 
can develop In the absence of BLNK/SLP-6S (22.23 and 
current study). Thie would suggest that although the ordered 
pathways for the development of T and B are quite similar 
their mechanisms for the control and regulation of maturation 
might be quite different in some aspect (36). The availability 
of BLNK"^* mice will no doubt a/d in the further sitjdy cf the 
6 cell differentiation process. 
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CO chicken gtofculin 

GS embryonic stem G«H 

NP 4-hydroxy-3-nitfophenyi acely) 

PU3K pnosphoinostiiitae S-Kinase 

PCC phospholipase C 

SLP SH2 domaio-conlflilning JeuKocyte protein 

Kid X-linked immyno deficiency 

XLa X-iinked agammagloDulinemJQ 
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fi cell antigen receptor signals development activation, prolifera- 
tion/ or «p6ptosis of B cells depending on their condldon. and iu 
proper signaling is entreat for actiWacioh «rtd homoostasts of the 
Immune system. The B ceU-restfiaed adaptor protdin BASH (also 
C«rmod BLNK/SLP-65) is rapidly phosphorylated by the tyrosine 
kinase Syk after BCR ligation and hinds to vanou$ srgnalind 
proteins. BASH struct uratly resembles SLP-76, which \s essential for 
T cell devttopniGnt and T cell receptor signaling. To evaluate the 
role for BASH in B cefl development and function in wVo« we 
disruptad BASH alleles in QiribTyonic sxi^m celts by means of 
homofo^OMs recombination and u$ed these cells to complement 
iymphocyre-incompetent blastocysts from RA€2-de^ictene mice. In 
ih« re^uKant cKimertc mice/T cell development was apparently 
normal but 6 cell development was impaired^ and a normally rare 
population of large pre& celts expr^ssln^ pr^B cefl receptor dom- 
inated in the bone marrow In place of small preB cells, although 
they, were mostly non<yclin9, in addition, the mature 6 cell pop- 
ulations in the periphery and the bone marrow profoundly de- 
creased in as did 6*1 cells in the peritoneal cavity, and serum 
tg was severely reduced. Tha fiASH-deficient 8 cells scarcely pro- 
liferated or up-regulated B7-2 in responsre to BCR ligation and 
poorly proliferated upon C£>40 l^^ation or lipopotysaccharlde 5tim« 
utatien. Ttiis phenotype indicates that BASH is critical for preS cell 
receptor »i'gpalin9 inducing proliferation of large preB cells the 
following differentiation, for peripharal B celt maturation, and for 
dCft Si^anating inducing activation/proHferatjon of B cells. 

Antigen receptor complex on B cells (BCR) i$ composed of 
a membrane-form of Jg H chain, -Ig L chains, and Ig-a/lg-P 
(CD79a/b) cytoplasmic components. Upon binding to antigen, 
BCR generates signals provoking various avencij on B cells, such 
as cytokjnci;ic change to intornaliee rhe andgcn, cell activation 
manifested as up-rcguUtion of surface proteins including B7-2 
(CD86), increase in size and cell-cycle encry> and survival or, in 
some condition, apop costs. Such cellvilar events are prerequisites 
for collaboration wuh T cells, clonal expansion, and terminal 
differentia cion to antibody'Secrcting or memory cells, or self- 
coierance (1). Recently, it was shown that the continued presence 
of BCR, without obvious ontlgen binding, is required for the 
persistence of mature B cells (2^, suggesting that BCR OA the cell 
surface constitutjvely signals rhe survival and perhaps matUra- 
lioD of the cells^ The prcBCR has a similar structure Co BCR, and 
is composed of Ifi-ot/Ig-ft fjJrl chain (^H) and the surrogate L 
chains, A5 and Vp„|>. The formation of the proBCR is critical for 
early B cell development because the mice lacking the compo- 
nents of the prcBCR exhibit h developmeotal block at the proB 
cell stage (3-8) and loss of H chain allehc exclusion (9, 10). The 
developmental block presumably sterna from the lack of pre- 
BCR-signaled proliferation and/or survival of pceB cells and the 
following diffcreneiation into small, resting preB cells, the major 
site of L chain gene rearrangement (11^ 12). 

transduces the stenal from BCR or prcBCR primarily 
through the activation of tyrosine kinayes such as Src-family kinases, 



Lyn, Fyn» Blk^ or Syk and Stk kinases. These kinases phosphorylaie 
various sign^ing intermcdiaces^ including erueymes such as phos- 
phoiipase C (PLC),'y2, phosphatidylinositol 3-kinase, and Vav, or 
adaptor molecules such as She* Grb2, Nek, and HSl (13-15). 
Deficiency of either one of the $rc«family kinases did not cause 
serious impairmenc of B cell development or weakening of BCR 
. signaling. On the other hand. Syk deficiency caused early block of 
B oell development at proB cell stage, indicating that Syk is 
primarily responsible forpreBCR signaling (16, 17). Mutations in 
the t(k gene were identified as being responsible for X-liuked 
agammailobulinemia (Bruton's disease) in humans and X-iinked 
immunodeficiency {Xid) in mice. Xid m\c&, as well as bck gene 
knockout mice, are characterized by the impaired function of 
peripheral B cells, primarily because of deficiency of BCR signaling 
(re{. 16, and the references therein). Studies ha^/e evidenced choi 
Syk and Btk are necessary tot activation of PLC72 and the foUowmg 
intracellular calcium flux (39-22). However, it is unclear how these 
kinases interact With PLCy2 or other substrates. 

Recently ^ We Isolated a molecule that we termed BASH (for 
B cell adaptor containing SH2 domain) as a molecule e^preascd 
selectively in B cells in the bursa of Fabricius in the chicken (23). 
BASH was structurally similar to the T cell adaptor protein 
SLP*76 (24), became tyrosine phosphorylated upon BCR 
crosslinking, and bound to Syk and She. We also isolated a mouse 
homologue of BASH whose amino acid sequence was identical 
to BLNK, with four amino acid differences, and 10 SLP-65. 
BLNK was purified as 70/68.kDa phosphoprotcins bound to the 
SH2 domain of PLCyl (25, 26), whereas SLF-65 as a 65-kE)a 
protein rapidly tyrosine^phosphoryUted upon pervanadaic 
treaimcnt in the presence of surface BCR {7'7, 28). BASH/ 
BLNK/SLP-65 transcripts and proteins were dominantly ex- 
pressed in tissues containing B ccUs* although a Weak expression 
was detected in other tissues, and restricted to B-tineagc ceil 
lines. BASH/BLNK/SLP-65 was phosphorylated primarily by 
Syk, translocated into the membrane fraction after BCR stim- 
ulation, and bound to PLCya/2t Grb2, Vav, and Nek (23, 26, 27). 
It has been proposed that phosphorylated BLNK recruits 
PLCyl/2 to the proximity of Syk, thus facilitating tyrosine 
phosphorylation and activation of PLCyl/2 by Syk, and eleva- 
tion of intracellular calciurn upon BCR stimulation (26). AnaU 
ysis of a chicken B cell line deficient for BLNK confirmed this 
and further revealed thai BLNK is necessary for activation of 
JMK and p38 upon BCR ligation (29). Recently, it has been 
shown that BLNK also binds to Bik and mediares the phosphor- 
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ylatjoi) of PLC7I/2 by Btk (30). Together, BA5H/BLNK/ 
is proposed to funcclon as a scaffold protein co focus 
various signaling cft'ectors at the plasma mcmbfAOe for pbos- 
phoryiation by Syk an<l/or Btk. 

To cUicidatc the in v/v^ function of BASH/BLNK;/SLP^65 in 
the development and function of lymphoid sy5iem« wc us<id i^ene 
targeting in the mouse. Because BaSH/BLNK/SI-P-65 gene was 
weakly expressed in several ntinlymphoid tissues, like liver, 
kidney, and ovary in the mouse (ref. 26, and our unpublished 
results), and its rranscripts were idencified even in fertilized eggs 
(DDBJ accession no. C87337), decided to apply the RAG2- 
deficient blasrocyse complementadon assay (31) fo avoid pos$i* 
ble embryonic lethality or deficiency in tissues other than B or 
T lymphoid tissues. Here, we describe B cell development and 
function in the chimeric mice whose lymphoid sysccxn is derived 
from homozygous BASH-mutanc embryonic siem (ES) cells. 

Materials and Methods \ 

Taraeled Dbniptien ef BASH Genes and GMnmratiotk of Chfmeiie Mice. 
cDNA containing complete mouse BASH coding sequence 
(DDBJ/EMBL/GenBank accession tio, AB01S290) was obtained 
by standard PGR and S'-f apid amplificalion of cDNA ends method 
([Marathon cDNA amplification kit; CLONTECH) based on an 
incomplete cDNA sequence identified is a homolcgue of chicken 
Bash in OenBanfc (BCA, accession no. AJ222814). Using the 
mouse BASH cDNA as a probe, a XEMBL4 genomic library from 
TT2 ES ceU line (Lifetech Oriental, Tokyo) was screened, and a 
17-kb gnomic fragment containing an exon encoding amino acids 
39^5 of BASH and the flanking inlrons was isolated. A H/ndlll- 
Xbal genomic fragment was used in the gene-targeting vector 
(pBASHneoik), In which a part of the cjton ^nd the following intfon 
(£coOJ09I-^coliJl) was replaced with two jfragments; (i) &wHJ- 
MluJ fragment of pEGFP^Cl (CLONTECH) containing three- 
frame atop codons and an SV40 potyadenylation signal; (U) Pgk- 
neo"^ flanked v^ich loxP sites derived from pKSTKNeoLoxP (a gift 
of W, ReUh, University of Geneva Medical School; see Fig. U). The 
vector also contains HSV-xfe gene for negative selection (32). The 
linearised vector was electroporaccd into B6IU ES cells (33) and the 
cells were selected by G41.8 (0.2 mg/ml; Wako Biochemicals, 
0.5aka) and Gancydovir (0.5 jug/ml; Syntax, Palo Alto, CA). 
Drug-resistant colonies were screened for homologous recombi- 
nation events by PGR with S'-primcr <5'-TGCTaAAGCGCAT- 
GCTCCAGACrG-30 and 3'-primer (S'-aTGCTTGaCaOTGT- 
GOGCrTCTGT-3') as described (3). Positive colonies were prop- 
agated and verified by Southern btot analysis for a precise targeted 
event (Fig. 1 fr, c, and/). The hctcrozygously targeted clones were 
iransfected with a vector expressing Cre recombinasc and puro- 
mycin-resistant gene (Cre-Paq ref. 34) and selected with puromycin 
(0.5 MS/n)l) Sot 54fehr. 'the resistant colonies were tested by 
neomycin-senshlvify ««d PCR (Fig. Ic, and data not shown) for Che 
deletion of Pgk-neo sequence by loxP^mediatcd recombination 
from the targeted allele. An ES cell clone that had undergone this 
recombination (BaSH^'*") was rransfected again with pBASH- 
ncotk and Screened as above to derive a homosysously targeted 
(BaSH-^-> clone (Fig. Id). Southern blot analysis wns performed 
with ^^stmHI-digestcd genomic DNa from ES-cell clones and 
probes A and B (Fig. I e and^). BASH^'" and BASH"'" ES cell 
dones were injected into blastocysts obtained from RaG2-/- mice 
rtiai had been backcrossed to BALB/c mouse strain (a gift of 
Shinjcai, Instimte i5or Virus Research, Kyoto i;niversity), as 
descnbed (31). 

Flow cytometry. Single-cell suspension) were prepared flrom lym- 
phoid organs, and red blood cells were ly&cd in hypotonic buffer. 
After washmg, cells were stained with ami-mouse antibodies con- 
jugated with FITC, phycoerythrih (PE), or biotm, followed hy 
sireptavidin (SA).RED^70 (OTBCO) in the latter case, and ana- 
lyzed on FACSort with CEliQuesT software (Beaon Dickinson). 
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Fig, 1. Targeted disruption of the mouse BASH geoe. {») Suuaure of the 
Tirg^ting vector and a p*nlif r«Str»«Ton map of BASK gene locus. Filled 
fect*n9l«s repr&sent QHonti op«n irfangles represent ^ov^sirsi. Probes A and 
B «Jtd in Southern blot analysis «r« shown as boMcs below a doubt«-head€d 
arrow. Ihd<c3tif^9 4 fMtriction frjgm^nt detected by these prober, tk, HSV-tJi( 
genej pa, poly^dcnylation signal; €, €co^\', X. Ab&U B, a^/wHl; H, HlndMl; €ioO, 
EcoQ\Q9U (b) Pfiin«ry targeted dHele. billed Trianglcl fcpiesentih* loci^onj 
of PCR p^'imert used for the detection of homologous recombiAatfon ev«fiu^ 
(OThe prirnary ^org«tod allele after Crcmcdlaud recombination o'/o'^sKos, 
resu1t#d In the dctetiort of PfiK-neo «sSGt<«. (d) The primary and rtCOPid*ry 
targeted alleles. (6 a(\d /) Southern blot-analyjis of BG\ti ceds th* <eii> 
with the laHrnary targeted a)t«ie aS mb {4 / L^fth the ccltj with the primary 
targeted allele ur»defgar\e Cre-m«dioted recombinaticin as in c <^/", fli^^O, 
and th« tq\{% wi^h both tdrg«t«d «ll4l«f as ift d {-/-'). Ttt« slwj ct (hs 
0amN|-r»rTrtaioA fragments hybridiitd with th€ probe A Cc) and prob* 6 <f) 
are Indicated. Ly$ate« of *pleen ceils containing indicated number of 0 colls 
from wild-Type CS7fiL/6 mice ot ftASH^-'-RAG-'- chimera (-/-) were 
analyzed by Wgjtern blotting with rabbit »ntl-eASH ftAtibody, and reprobed 
W'th dntHuH Chain antibody . 

Monoclonal antibodies (mAbs), FITC-coniugaced anti-CD3F (145- 
2CXI), CD4 (RMA-S), ($7), CD25 (7D4), CDS (53-73), 

Waol (Ml/70), PE-conjugated anti-CDSct (53-6.7), B220/CD45R 
(RA3-6B2), and biotin-anti-Ly9.J (30C7) were ptirchaacd from 
PharMing<!n; P£-anti-tgD mAb ^SBA-1), FlTC-goat-anti-K and A, 
and FrrC- or PE-goat-arvti4gM (mH chain-specific) were from 
Soudiern Biotechnology Associates. Biotin-goat-antvIgM (^H) 
was from Cappel Biotin-SLlS6 (35) was provided by H. Kara- 
suyatna (The Tolq^o Metropolitan Institute of Medical Science). 
For the analysis of B cell activation, spleen cells were depleted of 
T cells as described below, stimulated with 10 Mg/ml goat and* 
moose I5M F(ab'>i fragment (Jackson Laboratory) for 24 hr, then 
stained wiih PE-anti-B220 and FrrC-anti-B7-2 (GI^l; a of g. 
Abe, Rcacarch Institute for Biological Sciences, Science University 
of Tokyo, Chiba), B220* cells were clccttically gated for the analy5is 
of B7-2 expression. 

Coll Cydt Analysis. Cell sorrins was performed by FACSvantage 
(Bccton Dickinjion)* The sorted cells were fixed, treated with 
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RN*»5« A» stained with propidium iodide, nnd onulyzed for DNA 
comcnt by FACSort, «s Uciicnbcd (36). 

proiif^rditon Ass^y. B celh were enriched Si& follows; spleen cells 
were incub'Atcd on ice for 30 min in RPMi 1640 fucdium 
supplemented with 1% FCS, 25% culture ^Jupernaiaoi of hy* 
bridoma T-24 (anii-Thyl mAb)/and 2.5 >ig/ml bioiin-anti-Ly9/l. 
After washing, T cells and Ly9.V^ cells were Killed with rnbbit 
complement (Codarkne Laboia tones) find further depleted 
with a miKcuire of 4)Mi-Thyl- xind SA-coaied magnetic beads 
(Dynal, Oreac Neck, NT), according co the supplier's instruccion. 
Despite many trials, enrichment of B cells from the spleen of 
BASH^^^R AGi"^" chimera w»s in«fftcienc (up to 15%) becnuse 
of low quantity of B cells, compared with chose of wtld-cype or 
BASH^'^RaO^"'" chimeric mice (>80%). Therefore, the en- 
riched B celb from the latter were mixed with RAG2-^' spleen 
cells, treated as above, to reproduce the proportion of B cells in 
the savnples from BaSH"^"Ra02~'~* chimera. In another assay, 
B220* cells were sorted from Spleen by FACSvancagc. Thus 
prepared sampler, caich containing 1 X 10* B cclls, were Stim- 
ulated in 100 ^\ culture medium containing 10 fig/mi goat 
anti-mouse IgU F(ab')i frAgmeni (The Jackson Laboratory), 10 
ju.g/ml LPS (Sigma), 10 f^g/ml aw^mouse-CIMO mAb (LB429; 
rcf. 37), or 2 ng/ml recombinant mouse lL-4 (PtproTcch, Rocky 
Hill, NJf), alone or in combinations, as Indicated in Fig. 4. Forty 
hours later, pH]thymidine (0.5 >jt,Ci per well; Amersham Phar- 
macia) was added, Cells were harvested 8 hr later, and incor- 
por<>ted pH]thymidme was counted in a BeiaPlace scintillation 
counter (Wallac, Gaithersburg, MD)- 

Sef urn ig THraiion. Igs in Serial dilutions of serum ^ere measured 
hy ELISA using antibody p^irs specific for different mouse Ig 
isotypea (PharMingen). 2^'-Azino-bis (3-ethylbcn2-thi^iiW)lne-6- 
sulfonit acid) wa^ used a svibstralc for the horseradish 
peroxidase (HRP)-cohjugated secondary antibodies, and the 
absorbance ar A05 nm was measured in n microplace reader 
(BiO'Rad), 

Westftrn Blot Analysis. Polyclonal anti-BASH antibody was pro- 
duced by immunizing a rabbit with keyhole limpet hcmocyanin- 
conjujga^ed peptide corresponding to mouse BASH (amino acids 
42-52)- WhoU-cell lysatcs were subjected to SDS/PaGE arid 
blotted onto nitrocellulose filter. BASH protein was detected by 
ihe above antibody and HRjP-^onjugated goat-anii-rabbti or IgG 
(Zymcd), and developed with ECt system (Amersham Phar- 
macia). "Hie filter was stripped and rcprobcd with biotin-goat 
anti-mouse l$M (Cappel) and SA-HRP (CaJbiochem), 

Results 9nd Di5cU!(5i|ki 

Generation of Chim«ric Mice wHh BASH-Dvffdent Lymphoid Sysum. 

The genes encoding BASH were disrupted sequentially in 
C57BL/6-derived ES cells (33) by insertion of translational stop 
codons and polyadcnylation signal into an exon coding the 
N-terminal portion of BASH protein by means of homologous 
recombination (Fig. i a-d). The BASH alleles were precisely 
targeted as shown by Southern blot analy^us (Fig. I e and /). 
Heterozygous (+/-) or homozygous {-/-) mutant ES cell 
clones M^crc injected into blastocysts from lymphocyte-deficient 
RaG2"''~ mice on the BALB/c genetic background, to generate 
chimeric mice in which any lymphocyte muse be derived from the 
mutom ES ceUs (31). Indeed, analysus o^ the Cy9.1 allelic m^^iker 
indicated that T and B lymphocytes in the chimeric offspring 
were all derived from J5S cells (Ly9,l"), not from the recipient 
(LyP,3*) (data not shown). No BASH protein was detected by 
Western bloc analysis in B ceils derived from the homozygous 
mutant ES celb (Fig. 1;^). Eight- to 16-wcek-old chimeric mice 
were used for the analyses shewn hereafter, unless otherwise 
tioted. 
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Fi0. 2. P4ftpheTat B ceH deficiency In aA5W"/^BA<H2^"* chimera. Repfeientdtivc 
flow <ytometrlc analyse* ofCAH Uc<r\ iplt^w (a^) or peritoneal cavities (p) ci 
indicated mfc«. C«II surface ant?gem stained by amibodic* arc indicated, Yh« 
number an ftMh window indicatei che p«rc«nta9$ of ihe total cells within th< 
lymphocyte 9atc.Spiecn cell»vver« simuitan^ousJy stained for Ly$.1 anti9Qn, dr>d 
Ly9.1 ~ celU (d«rtv^ from ES celb) wgrQ ptotctd «nd counted for the population 
on»^s foe che <himeras. Peritoneal celte ^re not gated by Ly9.l m>rk«r 
because oi it» highly nonspeoY/c sta'minfl. (<) Actuai numfaew (m^an S 50) of 
immaf ur« (IgM^''**, S^^i filled b3rt) and mature Ig0^'9\ often bhtt) 

B tells d«flnfd in 3} in spleens frocn wlU3-^pe CS7BL/6 mice f-*-/*. n « 3), 
eASH*'''ftA(J2"'"<himeras n 3), ef BaSM^'-RAGZ-^ cKiw^ras 

ri - 4). (t/) ig conccntratfooj in the *efift from wJld^pe C57B176 mice (O), 
BAJH*/-RA<S2-'-cKimer*s <a). or BASM-'-RAGZ-'" chlmers Ml<e w«fe 6-3 
wic ol«, M«»n v^luef of e8<^ isotype J/t tr\diCdted by horizontal b^fs. 



S«ver« Rftduetlon of Mature B Cells )ri lh« Spl«en and B-t Cell* in th« 
Pentoneal Cavjty of PASH~'~ Chimeras. Chimeric mice derived 
from RAG2*'' blastocysts injected with BASH"^" ES cells 
^BASH-^-RAG2-^- chimera) and those with BASH""' ES cells 
(BASH^^*'RA02"'*" chimera) were analyzed for lymphocyte 
ccllularity by flow cytometry. Population analyses shown herein 
were on the cells in the lymphocyte gate as defined by forward 
and side light scatters. (B6) and RaG2*^" (on 

BaLB/c background) mice were analyzed at the ndtuc time as 
norm;)) and T/B lymphocyce-deflclent controls, respectively. 
BaSH"''-Ra02-^*-, asvvell asBA$H"^'-RAG2-'-, chjme#-a had 
normal numbers of ihymocyrea and no apparent defects in T ceil 
development, as demonstrated by the expression of CD4 and 
CDS On thymocytes (data not shown) and normal numbers of T 
cells in spleen (Fig.2fl), This result is consistent with die fact thee 
Bash is not expressed in T cells (rcfs. 23, 26, and 27; and our 
unpublished results), and Indicates that the ireneration of com* 
mon lymphoid precursors from the mtit^int ES cells is intact, 
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expressed tgM uniformly ac a high icvcl in contrast to ihoiic of 
\ ild-cype mice or BaSH*^"R AG2'^" chimera expressing IgM 
hmrogcneously. This, as wcU as the phcnoCypc of ipieen B ceik 
may indicate that B ASH B cells require a high omouot of IgM 
on the cell surface to componsate tor inefficient BCR signnUn^ 
for expansion and/or survivat (2). in accord with the reduction 
of B cc\U in the periphery, the levels of «U Ig classes were 
markedly reduced in the sera of BASH"^"Ra02"''"" chimeras 
(Fig. 2d). The level of IgOl, but not the othor clH$Sts/was 
constantly reduced abo in jaASH**''"RAG2"''" chimera*, the 
reasotx for which is curreficly unknown. 

Accumulalion of Noney<ltn9 Lari|e Pr«B C«lli and the Lack of Small 
preS Cells io Clie Bone Marrow of BASH"''* Cfiimerss, B cells are 
generated from hemdlopoiecic stem cells through proB, large 
preB, and small preB cell stages in ihe bone maaow (1), As 
reported previously (5), B cell development was completely 
blocked at the proB cell stii^gc (B2io'% ptH", CD43«''«^, CD25-) 
in RaQ2'^** bone marrow celU deficient for Ig gene rearrange' 
mcnts (Fig. 3a), A similar block had. been observed in msec 
deficient for che components of prtiBCR, such as membrane- 
form plH and X5 (3* 4, 38); thus, ix his been cstHblished thai 
pre&CR signaling is essenrijil for the proB to preB cell transition 
h). In the bone nn*rrow of BASH-^-R AG2-'- chitncras, ^M^'^^ 
B220^^** mature B ceils wer* nearly absent, and the 
^H**'*^ (IgM*), 3220****" immjiture B cell population was mod- 
erately reduced compared with wild-type und BASH"^^* 
RAG2"^* chimeric mice (Fig. 3a, Left), This may reflect pro- 
foundly reduced numbers of circulating B cells and inefficient 
generation of B cells. 

Most notably, B220'<^ celh weakly expressing (tM^) 
were dominant among B220* BASH"^" bone marrow cells. Such 
z<t)\$ were essentially absent in RAG2'*'^' mice and formed a 
minor population in wild-iyp© and BASH*^''*"Ra02*"^* chimeric 
mice (fig. Za, Left), Thus, in chc pro/preB cell fraction (the 
Icftmoic ?wo windows in the dot plots in Fig. 3tf), small preB 
(CD43-, CD25^*fi'') and large proB (CD43hiifh 0025") cell$ are 
the majority in normal control and K AG2"'* mice, respectively, 
whereas large celU with the transitional phenotype (CD43^**^» 
CD25'^. which correspond to the ^H*"* cells (data not shown), 
were the majority in BASH~^~RAG2"^" chimeras (Fig, 3a, 
Right), Strikingly, most of the /trf*'^ ceils from BaSH^^- 
R AG2"'' chimeras were podtively sxalned by the mAb specific 
for preBCR complex (SL.X56; ref. 35) but only marginally stained 
for kL chain (Fig, 3^», Right, R2) as well as AL chain (daia not 
shown). The same /xH'^ cell fraction in the wild^type mice 
contained a few SLIS6^ cells (Fig, 3b, Left, R2) and such cells 
increased after culture at 37'C (or Jl hour (data not ^Hown, refs. 
35. 11). Neit&er tM^^ (IgM*) cells nor ^H" cells were positive 
for SU56 (Fig. 3b, R3 and Rl, respectively). These results 
Indicate that CD43'^» CD25*«*, large preB cells expres$in$ 
preBCR on their surface were abnormally accumulated in tKe 
bone marrow of BASH'**^~'RAG2"^' chimeras. 

Although large in cell siee, most of the BAStt~'" large preB 
cells were not in cell cycle, in contrast to the normal, large prcB 
cells (Fig. 3c). Therefore, BA5H appears to be necessary for 
preBCR sifinaling rhat promotes preB cells to enter into cell 
cycle, and this cycling is Itkely to be a prerequisite for down- 
regalatioA of proBCR expression and the subsequent differen- 
tiation into small preB cells. These results also indicate, however, 
thai BASH is not essential for preBCR signaling for the devel- 
opment of largo preB cells from proB oells. 

Despiie the lack of small prcB cells, the production of B cells 
was not severely reduced m the bone marrow of BASH"'" 
RAG2*^/" chimera. This may suggest an alternative pathway of 
B cell development that docs not go ihrou^ the small prcB cell 
stage as ^u^gested by the leaky B cell development in A5- 
knockout mice (4, 39), In the latter mice, however, B celt 
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Fig- 4. Def<ct{s^ pfolff*Mt(ve rcjpense ond a<tivatipn of aA5H''' B cells ff\ 
vltra. (d) T C«II*^«pleted cetli from a spl*«n 6< wild-type 0579 L/6 mout*/ 
SASM-'^RAfiZ"^" chimera, or admixed cwo spleens of BASH-'-RAG?-'- <hN 
mer« were siJmulat^tf with the indicaied «*g«nw for 48 h^. and th€ incor- 
poration of PH]thymldin« ¥*aa mesjured. Proportion af B cells in tne samplei 
was made uniform tolO^. 8sdcia'ifc>cd fn /W3 Methods; and thai 
T <ells was <V%. Data dce «Kpr«^«d as mean £pm (::50) of dupfitates. 
Separate data from two4plc«<Vf of eASH*''~RAG2~/~ cnrm«r*»wer« combined. 
(£f) T c«INd«plctcd spicen <t\h wcft s^irnuf«ted with lO ft^/mi goat antM^M 
for 2a then stained wlxh Pe-an^i-B220 and FrrC-ontI''e7'2 mAb (GH). 
ce*l* we^e jM^d fttr the analysis of "67-2 expresjtori. 



generation is very inefficient because it depends on rare L chaitl 
gene rearrangements occurring on the proD cell stage {12, 
38-40). Therefore, it is possible that the L chain gene rear* 
rangement remains effective in the BASH*'** large prcfl cells 
because of imp^ittt preBCR si^naling^ which normally down- 
regulates the expression of RAG gcne$ in large preB cells ^41). 
This pcs,^ibiUty remains to be tested. 

BCH-Sistialed Activation and Proliferacj^n Are Iinpaired m BASH'*'™ fi 

Cells. Proliferative responses to various stimuli of spleen B cells, 
either enriched by T eel! depletion (Fig. 4a) or purified by cell 
sorting (data not showr*), wore examined. In contrast to the 
wild-type or BASH*^" cells, BaSH~^" B cells negligibly re- 
sponded to anti-lgM stimulation, and did poorly to anti-CD^O 
and lipopolysaccharidc (LPS), lL-4 syncrgizcd with anti-lgM or 
antl-CD40 on the BaSH~^" cells as on the wild^type or 
BASH'^^'* cells. BCR-mediated activation of spleen B cells was 
measured by up-rcEul4«ion of B7-2 (CD86) antigen (Fig. 4fr), In 
contrast to wild'typc or BASH"^'" B cells, B7-2 was not up- 
rfisgulated on the surface of BASH"''" B cells after stimulatiot) 
with anci-IgM antibody. These results Indicate that BASH is 
essential for BCR-mediated activation and proliferation of B 
cells. Hyporesponstvenesis of BaSH"^^ B cells to CD40 lisatlon 
or LPS stimulation may be the result of ihair immature pheno- 
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type, alihoogh a possibilHy thac BASH might be itwolvcd in 
CD^O fincf LPS rOc«pror signaling cannot he ntlcd out. 

Although the i/i vivo immune responses hftve noi been ana- 
lyzed because they cannoc be evaluated properly in chimeric mice 
with variable frequencies of T and B cells, so f«r, Ihe observed 
phenotype of peripheral B celis tft BASH-'-RaO"-'- chimerajs 
U Similar co chat of 3iK~knockouc mice or/Cid mice {see rtt J 6 
and references therein). Both are characTcriac<J by the reduced 
number of mature B ceils (with more $tv^re reduction in 
BASH-'"R AO"'" chimera), the lack of the peritoneal cells, 
serum Ig deficiency, and defective proJiferative responscii to 
anci-IgM, anii-CD40, and LPS in vUro: This suggests a role for 
BASH (n chc function of Btk in the peripheral B cells. This is In 
line with the observations indicating that BASH/BLNK is 
necessary for BCR-mediated activation of PJLCyZ and the foN 
lowiyig intracellular calcium flux (29), for ^hich Btk is also 
crucial (20, 21), and that EASH/BLNK binds to Btk in addition 
to PLC-y2, thus mediating FLC-y2 phosphorylation by ]Bck (30). 
Taken together/ BASH thay ba critical for the BCR signal 
transduction mediated by Btk that induces maturation and 
activation of peripheral B tells. 

During the submission of ehts manuscript, the phenotypcs of two 
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mur^nnc strains of mice deficient lor tJ ASH/BLNK/St P-6S have 
been published (42, 43). The phenotypcs of these mutancs we^^ 
mostly fiquivaieni to that of BASH"'' chiniet ic mice shosvn here 
although the c?)rly B cell dcvcloptneat: was not atialyrcd in detail in 
the former. One marked difference i$ that Pappu ex a.1. (43) [r^^v^ 
described that and CD69 wec^ normally op-regulatcd on 

spleen B cells of IheJr BLNK-deficient mice a^lcr BCR cros^ilinking, 
whereas we did not detect any significant up-re^Iation of 
(Flgf. Ah) arid (data not shown) by the same anci-IgM F(ab')2 
treaimenc. The reason for this diucrepancy is unclear, but it might 
be because chey jstimulated whole splaen ceWs^ whereas we uued 
spleen cells depleted of T ceils. The data indicating chac the 
combination of T cell-mediated stimuli (i.e., anti-CD40 + IL4) 
pam'ally promoted the proliferation of BASH"-'"* B cells (Fi". 4a, 
and ref. 42) may support this possibility. 

Wc thank Y. Shmkai for genomic library and R rsIcc, W. Rciih 

for pKSTKWcoLoxP, TC Rajewsky for B6in ceHa, T. Ya^f for Cre-Pac, 
K. Miyake and N, Snkaguchi (or anti-CD^O mAb, H. KArMuyama for 
and R. Abe for Mi-Ji7~Z and rcagcniji for EI^-ISA. This work w^j 
supported in partby graoM ftom ihc Ministry of Health and Welfare and 
the Science a^d Technology Agency in Jfap/in. 

Kr. Ool, IC. T*uji. S, A KiWmwri, D. (1993) /. immunot, leU 
2A. Pciewon. E. J., CIcin«nw, i t„ Fany, N. Sc Koretiky, O. A, ( I99») Cun. Opin, 
/fnmUrtoL 10, 337-344. 

25. IPu, C. A Chan. A. C. <19<>7) /, 6ht, Ch^m, 272, 27362-2736^, 

26, fy, C, Tut«k. G. w., Kutrtjaki, T. A Cboh, A. C- (199S) immunity 9, 93.103. 
27- Wicnin^s. J.» Scb^^^Jik^'t, J., Wdhwritji^i, U., Jwman, H.. NicU*n, P- J. i< Rcfh, 

M. (ma) / £:rp. 791-795. 
2«. Zhang. Y., Wknantfo, J., Zun., C. ^fe Rcib, M. ('^998) EMffOA 17, 7S<W-7aiO, 

29. IsMai, M., (Cufostki, M,. Pnppu. R„ Okax^a, K,. Ronkw, X., Fu, C, Shibar*, M.. 
IWHfnai^u, A., Ch<jn, A. C. tfC KuM^akJ. T. (I99y) (Mmuniiy 10. 1J7-12S. 

30. >|,i>himo<o, S.. Iwamawu. A.. IShiai, M., Oka^, K., Yt»r>i4dori. f Mutsushi\;\. 
M., Btba, Y., Kuhimuio, T KuroJAkh T. <St Tsukada, S. (1999) ff/odJ 
2357-236<i, 

31. Chen, J., Lanjford. Slcwan, V„ Ynun^, F, A Al(. K- W. (J 993) ^mc, i^aU 
/I wi/. i'^;. 90,4528-4532. 

33. MartftQur, S. L., Thom«4:. K« R. A Canccchi. M. R. (ly^B) A^nmrt (Lotuion} 336, 

3D. Lcdcfrttahn, B. & Bwki.KC (t99!) Erp. CeU. /{tx 197, 254-25S. 

34. Tani'gueM. M« SanU>, M., Wfli9n*bc. S., Narwve, r., Mishina, M. ik Y;)^'. 

(1998) M/<r/cK? /acr^JIi- Acy. 2*, <!79- WO. 

35. Winkler, Hu Roliuk, A., Moioherif, F. & Knrtisuyania. H. (199?) £ur. 
J. ImmmoL 75, 4d^«4^<)0. 

SCi. Pukudji. T., KitarTium, D., Taniuchi. I., Mii^kawA. Y., BonhamoM, t. 
Sarmou. P. it Wnunnbt, T. ( 1995) fhpc. Mi//, /ItfA^?. .tt/. USA 92, 7302-730<S. 

37. Nomuw, J., fnui, S,, Yamwftkl, T.. K«l;iO*ifl, 5-, Macdn. K.i Nufctwi^lii, K. & 
Sakaewchi, N. (1995) Iminu/toL *5, 19S-203. 

38. Ehltch, A.,Scha4l, On, K, KUafnur?, D.; MuUcr, w. ^ Rmu*<jky, K. (1992) 

39. PclflncU. R., SchMl, S., Torres. R. M. A Rajcwsicy, K. (1396) 
229-139, 

40. Novobi-ttflMCVa, T- 1., Martin. V. M., Pelauda, R.. Muller. W^'g^ujc^fiJcy, tC 6l 
EMJch, A. (1999)/ Exp, Mitd. IS9, 

4J. G^Awundcr, U., l>av, M-, Schiiiz, D, O.. Womer, A., Relink, A. G.. Molchon, 
f. & Winkler, r. H, (»99S) /mmtmiiy 3. 

42. Jum«;t, H-, Wo(h«>ioi4, B., MiUcrci, M., vwi^ftandii, J., Rcth. M. it Nielien, P. j. 

(1999) fmmtitihy II, 547-554. 

43. Pappw, Cht»^. A. U. B., Gontj, O., Chiu, C, Oriffm, N.. NVK;(Cf M., 
^rcckman, B. P. A: CMn, A, C. (IW) 5t:^tf>ic< 1949-1954, 



'I 

V 



1 



4' 



i 



T5J 



2760 1 »pvi*w.pna«.Ofa 



8 'd 5290 'ON 



SEP 2000 M:37 FR CI ST I ICJST 



613 998 52B1 TO 1650323^ 



APPLICANT'S 
EXHIBIT 



Immvjnity, Vol. 1 0, 1 1 7-1 25, Jonuary, 1 999. COpyrignt ©1 $SB by C#<l Press 

BLNK Required for Coupling Syk to PLCy2 
and Rac1-JNK in 6 Cells 



Masamrchi Ishiai/ Marl Kuroeaki,* 

R4{it» ^appu,t Katsuyd Okaw9,i 

Iriita Ronko,t Chong Pujt Masao dhibatar^ 

Akihlro IwomaisuT^ Andrew C. Chan,^ 

and Tomohir© KurosaW**! 

• Department of Molecular Genetics 

Institute for Liver Research 

Kansai Medical University 

Morigucht 570-8606 

Japan 

T Center for Imnriunology 

Division of Rhaumatology 

Deparlrnents of Internat Medicine and Pathology 

Howard Hughes Medical Institute 

Washington University School of Medldnc 

St. UoufS, Missouri 63110 

T Central Laboratori^ for Key Technology 

Kirin Brewery Company 

Yokohanrta 23$-0004 

Japan 

5 Medical Biological taboratone^ ina Laboratory 

Nagano 3d6-0002 

Japan 



Summary 

Signaling through the B ceil receptor {BCH) is essential 
for B cell function and development. Despite the key 
role of Syk in 9CR aignaling. little is krvov/n about 
the mechanism l>y which Syk transmits down^traam 
effectors. BLNK {B cell UNKer protein), a substrate 
for Syk, is now shown to b6 essential in activating 
pho$phollpase C (PLC)72 and JNK. The BCR-induced 
PLCy2 activation, but not ihe JnK actfvatlon, was 
restored by Introduction of PLC^S membrane-a$$o« 
oiated form into BLNK-^deficiem B cetVs. As JNK ac^ 
tivation requires both Ract and PLCy2, our results 
suggest that BLNK regulates the Racl-JNK pathway, 
in addition to modulating RLOr2 locali^tion. 

Introduction 

B cell receptor (SCR) engagement tnggers complex cas- 
cades of biochemical events that culminate in gene tran- 
scription, cellular proliferation, af\d diftorentiation. The 
&CR utilizes eequentiai activation of at least three types 
of cytoplasmic pn^tein tyrosine kinases (PTKs), Src-PTK, 
Syk, and Btk to regulate downstream effectors. Deficien- 
cies of these three families of PTKs result »n detective 
or aberrant B cell function ^nd devetopnvent (Platman 
et al., 19&^; DeFrwoo, 1d97} Kurosaki, 1997; Reth and 
Wlenends» 1997). Thua, characlarization of the sUb- 
straiee of the^e activated PTKs is a prerequlelt* for 



'iTd whofti corresponoenee should b« a^^^^sed kurosaKi® 



understanding the details of BCR-medlated stgnoi irens- 
ducrion. 

Two direct consequence© of protein tyrosine phos- 
phorylation have been demonstrated in the BCR signal- 
ing system. Pirsti tyrosine phosphorylation can activate 
enzymes. Examples are Syk, whbh is phosphorylated 
for full kinase activity (Hutchcroti et a!., 1991; Yamada 
et ai., 1993)i and phosphoiipase C (PLC)v2, which upon 
activation generates inositol i ,4,6-trisphosphate (tPJ 
and diacylglycerol (OAG) (Nishibe ei al., 1990; Mempel 
and DeFranco, 1991; Ooggeshall et at., 1992), Second, 
tyrosine phosphorylation creates sites for binding to 
proteins with SH2 domains. One example Is the interac- 
tion between IgoL^lg^ and Syk upon BCR stimulation. 
Syk SH2 domains bind to the doubly phosphorylated 
tyrosine residues of Igo^lgp (Kurosak* at al., 1996; Row- 
ley at al,, 199S). In addition, tyrosine phosphorylation 
permits mu)tlmenc protein complex formation. For in- 
stance, Orb2 adaptor protein cordis ts of an SH2 domain 
surrounded by two SH3 domains (Lowcnste*n et al., 
1992)- Grb2 SH2 domain binds to specific phosphotyro- 
syl residues on its target protein and the SH3 domain 
binds to proline-rlch motifs on separate sets of target 
proteins such as Sos and Qbi (Saxton et aU, 1 994; Smit 
et al.. 1994; Fukarawa et al., 1996; Panchamoonhy et 
aL, 1996; Hamper and OflfFranco, 1S97), Thus, upon SCR 
stimulation, the SH2 aomain of Grt>Z is thought to inter- 
act witn tyrosine-phosphorylated membrane proieinfi, 
thereby bringing Sos to the plasma membrane. 

While much has t>een learned as to the relattonehip 
between the BCR-assoclated PTK» and downstream 
effectors, the molecular mechanism by which these 
PTKs regulate downstream events remains unclear. 
Analogous to receptor tyrosine kinases (Pawson and 
Schlessinger, 1993), It has been thought that many sig- 
naling molecules dlroctly bind phosphorylar^ tyrosine 
residues on the oytoplasmic domains of tga and IgC 
and/or on the BCR«associated PTKs- However, this does 
not appear to be a feature of the coupling mechanism 
to downstream signaling pathways. Attention instead 
has focused on adaptor proteins, on© of which Is BLNK 
(attemativeiy named SLP-eS) (Fu and Chan, 1997; Fu et 
aL, 1996; Wienands et al., 1998). BLNK is a B cell* 
specific protein that is phosphorylatod by Syk after BCR 
ligation. BLNK, like SLP-76 (Jackman et aL, 1995), com- 
prises a COOH-terminal SH2 domain, a central proline- 
rich region that binds to Grb2 SH3 domains, and multiple 
tyrosine phosphorylation sites. 

We have investigated the mechanlanns py which Syk 
mediates downstream effectors In 8 cells. Since BLNK 
interacts with a variety of downstream effector proteins 
including PLCy^. Vav, Grb2, and Nek (Fu and Chan, 
1 997; Py et aL, 1 999; Wienands et al., 1 998), we hypothe- 
sized that BLNK functions as a master substrate to inter- 
face Syk with multiple downstream effectors. We now 
report the oonso<iuences of disruption of BLNK on the 
BCR-medialed responses and demonstrate a cridcal 
role for BLNK in activation of PLC72 and Raci -JNK, but 
noT Ras- 
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%urc 1. Th« Gen* fo** Chicken ppeo Encode* BLMK 

{A} >ftif0nrTrent of the SUNK prci«(n. The seqoenees cNck«ri (longer form), human (Ivn^er fornix po70) (Ku ei At., ^9Se^, and mouse (Fu «t al., 
1998) w«f» Aiignect by the Ciu*(al W pfOQram (Tttompsor) ti ati.t 1994), l^ntk^l amino are indieat«d by IK« box- The «hcrt«* <<»tn of 
chio)<«n eLNK(3ck$ 20 amino «oids (positions 36^67), sequences obtained frcm microGequences were AS Toilavr& (amMo 6cfd number}: 

LAVPAOeK (7-14), KPPPSLPRW (61-«d), DNRTSMMQ (14^14?), VPeA**S«AL (40^16), AWYAaTCDRK (441*450), DGSFLIRK (468-469), 
OfiEERPOSVAGIV^W (61(W«24). (ft) Schematic diagraims of human fliKi Chicken BINK- Structural dorridini of BLNK are ahowft. 



Chicken ppBO That Is Tyrosine Phosphorylated 
by ti^dtion l« BLNK 

Our previous studld$ tn^ve $hovH/n that BC^^voked 
PlC-iZ eotlvation is a downstream event of Syk in DT40 
B cells (Takata el al., 1994). Thesd genetic data, how- 
ever, do not neoes&arHy indicate Vh^\ PLQyZ is direotty 
regulated by Syk in 8 celfs. fndeed, whit^ Syk can phos- 
phory»0ie PLG^I in COS OeHs (Law et a!.. 1 996). expres- 
sion of A functional 6CR, Fyn, and Syk m non^tymphocd 
cells does not induce PLC7 phosphorylation or in- 
creaseo intraceHuIar Og** ([Ca^^Ji) upon receptor stimu- 
lation (f^ichards et al„ 1996). These reconstftution stud- 
ios suggest Che existence of 6 cetl-$peclf!c protein{9) 
that may link Syk with PLC-y2 actlvailon. Thus, we puri- 
fied tyro$ine*ohosphory!ated prowlns from activated 
OT4O cells by afftnlcy purification proiocoi based on their 
ability to bind an &ntt-phospNotyrofilnfi MAb. 

Anrvong several pun^ted proteins, four internal peptide 
s&qoences obtained from microsequencing of ppSO 
were veiy homologoue to those of hurrtan and mouse 
BLNK (Figure 1 A), A chicken cONA was cloned by com- 
bination of RT-PCR mettiod and tibrary screening (see 
Experimental Procedures). Two PGR products that dif- 
fered by the presence of the insertion of 20 amino acids 

fonns contain ait of the tyrosine phosphorylation sites. 
The proline-rich domain, and the c-(erminal SH2 domain, 
similar to human and mouse BLNK (Figure IB). Thus, 
we conclude that pp80 phosphoprotoin t« a chicken 
homofod of BLNK. 

" n *^ Q7.Qn 'DM Q7qRR 



BLNK IS Required for 60R«lnduced 
PLC'y2 Activation 

To address the function of BLNK, we eatabltshed 0T40 
B cells deflcienx in 0LNK by gene-tar^Qting method. 
Lack of BLNK expression was confirrned by Northern 
and Western analyses (Figures 2A and 2B). The level of 
cetf surface expression of BCFl on BLNK-deficient DT40 
c)one was eesentiafly the sanie as that of parental 
DTAO celfs (Figure 20). Transcript of chicken SlP-76 in 
DT40 cells could not be detected by RT-PCR method 
{data not shown). 

Comparison of Che BCR*induced overall tyrosine 
phosphorytat^on between wild-type and BLNK-doftcient 
DT40 cells did not exhibit significant changes, except 
thai the band corresponding to BLNK itself was at>sem 
in the mutant cetis (Figure 2D). These results suggest 
that the &CR*assaciated PTKs such as Lyn and Syk are 
activated noirnally in the absence of BLNK. 

One of th* naflmarks of ihe BCR-induced signaling 
is calcium mobilization. Fura 2-«loaded witd-type and 
BLNK-deficienl DT40 cells were silmulaied with antl- 
BCR MAb, M4. and the rise of [Ca^-^Jl was measured. 
As shown in Figure 3A» no increase In ICa**]i was de« 
tected BLNK-deficieni oells. Consistent with the cal- 
cium defect, BLNK'deficlent DT4C> cetis abolished the 
tyrosine phosphorylation of PLC^S (Figure 3C), resulting 
If* ihc |qb3 o«f IP3 flonerattort (Hgure 36) upon receptor 
stinDUlation, These defects were restored by reexpree- 
Sion of chicken SUMK (longerform) in the BLNK-deficient 
cells fPiguros 2B, 3A, 36. and 3C). These data ir^dicate 
thai BLNK Is required for coupling Syk to PLC72 activa- 
tion in DT40 6 cells, 

7r nQQ QOAc n^Mi ^ im^]-] i,^rt:/i nan? 'R/ 
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Figure 2. Oitrvption of lh« 81.NK Gene in Chicken PTAO B Cells 

<A) Nonharn blot Analysis BLNK ftNA expression* RNAs prepared 
from wj)d»VDe and BLNK-defici^m DTiO c«fls were siap^raTed m 
1 .2% ^otrruirdehycle gel, blone<l, ^incl probecf with ^-Iabe1«d cONAs 
ehickon 9t.NK ^op] or 0-actin (banom)* The positions of ih« 26$ 
and IBS rF^NA m« shown, 

(B) ProUin exores«ion anafyaift of BLNK. Total ceH lysate (2.S >c 10* 
cells) w«(« pr«pdY^ And aAaiyx«4 hy western blotitng Q%\hg enlf- 
BLNK Ab. Tmastormant ol chicken BLNK cDNA (lene«f form) inio 
6LNK-d0l)G(enl DT40 celts H lr\dkiftled «s BLNK/eLNK", 

(C) C«ll surlAce eMpnr4«lon of 6CA on wid<-iyp« and mutant cells. 
Uneislnac^ cells were used nftgMfve controf^ (dot lines). 

(D) TyroBtno ohosphorylAtfon In wnd«fyp« and 8LNK*d«nCf«nC DTdO 
cdiis. Ar th« Indicated time polnif after stimuletion wliT) M^i (4 
mQ, whold-ceri lyMtes prepared irony 2,6 x 10* cell» wap* loaded 
onto SOS'PAGE (8% gelj and analy^^d by western bloning vt^th 
arMt-phospnotyroGine Ab (aqi o). 



To formally demonstrate that BLNK acts upavdam to 
PLC72 activation in the context of BCR signaling, we 
examined the effect of disruption of PLOyZ on BLNK 
phosphorylation, Irnmunoprecipitation of BLNK frann 
wiid'type and PLC72">delT0rent DT40 Cdlls demonstratod 
compaiable fdv^te of BLNk phoephor/fation fotiowing 
BCR ligation (Pigore 30)- Honoe, tyrosine phosphoryla* 
tton of BLtUK by Syk fikely iies upstream to that of PLC72. 

Eicpresfilon of PLC72 As a Membrane Chimera 

in DLNK-De<iotent C«ll9 Restored 
Calcium Mobillttti'on 

U Ka9 prQvlc»ualy dhown that BLNK Is translocated 
to the membrane fraction upon BCR ligation (l^u at al,. 



1 998). Because PLCy2 associates with BLNK In a recep- 
tor (rgation-dependent fashion, we examined the trans- 
location of PLC-y2 to the mambrane fractron up^n BCR 
d9dregalion in wild -type and BLNK-deficient B cqU%, 
While the stoichjometry of membrane'assooiared PLC-rS 
was substamlaUy enhanced following BCR Mgatcon In 
wild-type OT40 cells, the translocation of PLC72 to the 
membrane fraction was markedly attenuated in BLUK- 
deficient cells (Figure 36). 

The above observations suggest that PLC72, when 
assocrated with the plasma mernbran^ by virtue of 
BLNKi gams susceptfbirity to tyrosine phosphorylatron 
and/or accesd to its substrate phosphatidytinositol 4,5- 
bisphosphate (PI 4,5-P;), which In turn generates Ipj and 
DAQ. This hypothesis pr^ict? that the calcium defect 
in BLNK-deficient cells should be suppressible by mem- 
brane expression of PLC72. To test this prediction, a 
chimera possessing tne catalytic domains of PLG>2 in 
place of the cytoplasmic domain of FcvRlli (mPLC^a 
shown m Figure 4A) was expressed in BLNK-Oefjcieni 
DT40 cells. Stimulation of the chimeric receptor alone 
did not induce calcium mobilization (data not ^own). 
Although BCR ligation alone induced a small [Ca^^Ji in- 
cr«aaej coligation of the BCR to the Fc^/RIH/PLC-y^ chi- 
mera resulted in a substantial (Ca^'li increase (Figure 
40). This [Ca**]i increase was more susutalned than ti^at 
upon BCR engagement in wild-typ* DT40 cells (Figure 
3A), suggesting that dissociation of native PLC-yZ from 
the membrane fraction is likely required tor the proper 
tomirnation of a lCa^"]i incfeaae initiated by BCR «• 
gation. 

As shown m Figure 4Ct the anti-PtO^Z Ab recognised 
two apeoids ot Fc^Rlll/PLCvZ. presumably reflecting 
posttranslationai modtftcations ot this molecule. As ex* 
pected, coligation of the chimeric receptor and BCR 
induced tyrosine phosphcrytation of FC7RUI/PLC72, the 
upper one of which was more prominent, CoUectivety, 
these results Indicate that membrane expression of 
PLC72 is sufficient to overcome the inhibition of PLO^e 
activation observed in BLNK-deficient cells. 



Ras Activation Still Occurs in the Absancd 
of BLNK 

Because the BCB-induced ERK activation is also a 
downstream event of Syk In OT40 B cells (Jiang et at„ 
1998), we examined the effect of BLNK on £RK2 activa- 
tion. 0LNK-de(lcient celts CMhIbtted barely daiedable 
ERK2 activation at 1 min after &CR stimulation^ while this 
activation was observed at 3 mln despite less effeoci vely 
than wild-type cells. In contrast to the inhibition of the 
ERK2 response In the absence of BLNK, Syk-deficient 
DT49 ceCts showed the complete abrogation of me eRK2 
response, as reported previously (Jiang et al., 1 996) fFlg* 
ure 5A)» 

AS botn PLC-yS and Bas pathways ooniribufe to ERK2 
activation in DT40 cells (Hashimoto et aL, 1995), we 
investigated the mechanism by which BUslK regulates 
£BK2, To directly determine wheth^'- BLNK o^ffeots 
activationi we employed a binding assay developed by 
Taylor and Shalloway (1 996), This assay is based on the 
observation ihar Haf protein has high affinity for active 
Ras-GTP but does not bind the inactive GDP-t>ound 
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(A) Calcium mofcil'iatatron anaiytla. IMf^ceHy 
Tar froe calcium leve<9 in Fura-2'»lQ«a«d ce«s 
were monitof^ by^ap^ctfOpholometerafV:'" 
*|jTnul«<on with M4 it AffO*** indicaie 

the lime point ittv iddlng Ab. 

10*) were st(mw(««d wKh MAb M4 (10 i^g) 
for Mdicatefl lime, art* IPs productions were 
m«Mur<Bd. Oat» chown fold iocrease 
of lh« value before stimulation with M4. 
(C)7yfo»Ino phosphotylation PLCvZ. At the 
indicatad \\rt\c pdnxjl after «tlmu(at!ori (* 
ft^^eni), immurtopr«cipital«fi with anti-PCC'^C 
Ad (1 X 10* cells/lsrvc) fieparaletf c*y 
7% SDS-PAGE 3el and ana<y2«<i tV Wesvom 
btotlln^ with iGlO {uDt>«^- Tft4 titter 
wM mpfot»9<t wiih ^ntt-PLCY2 Ab (bonom). 
iO) Analysis of Qlnk pho»photytf tlon in wild - 
typ« and PtC'yZ-^iencient DT40 cetl. Cdllfi 

X 10* ctits/lane) were simtio^dy anaiyzetf 
in (C) using anti-BLMK At> and 9% $DS-page 

(E) Sutxrefiular artatysis of PLOy2. WHo^iype 
and etMK-deficient DT40 cells w»r« «t'mu' 
iBtftd by M-t fcM" a min {▼) or laft unaitmuiatad 
MembrftD* fractions were artalyzad by 
W»*tcm tionift^ wtih ant)-PUCTf2 Ab (uppet) 
fifkd anti-tyr* Ab (bottom). 
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form of R^»s, BCR croosHnkihg of w«<d-type and BLNK- 
deficient cells both resurt«d in increased Ras-GTP, 
though the fow increese observed in BLNK-de'icJent 
ceHs was somewhat lower than that *n wild-type cells 
<Fi9Ur& 5B). Hence, the significant attenuation in ERK2 
activation in BLNK-deficienx ceiig could not be ac- 
counted hr by the defect ot Ras activation in the mutant 
ceils. 

in ord^r to test whether ih© defect in 6RKS ^etlvotion 
by loss Qi 6LNK wit$ du« to a defect in the PlCyZ- 
mediated signaling, we examined whether or not colfga- 
tion of BOR and Fc^RtH/PLC^a in BLNK-defioieni cells 
overcomes the ERK2 inhibition. BCR-tigation alone 
showed a similar decree of inhibition in €RK2 activatiofi 
(data rrot shown), while 0CR-mediated SRK2 activation 
was restored in the mmant cells after ooHgatlon of thesse 
receptors (Figure SA), indicatina that PlCyZ activation 
is sufficient to restore the ERK^ response In the ab&erYce 
of 6LNK. Together, these ddta demonstrate that the 
attenuation in ERK2 activity obsen/ed In the SLNK-deff- 
cieni cells Is. Kkely due to a defect in ^LC^S^ependent 
contribution to 6RK2 activation. Whila the effect on 

activation by blnk was orimarlty mediated through 

PLCyZ, Ras undoubtedly aiao contiibutea to full ERK2 
activity, as expression of a dominant-negative form of 
Ra& (RasNl7) completely abolished the residual 
activity observed In BLNK^deflcient cells (f=tgures 5A 



and 



BLNK la Baquirod for the Racl-^NK Pathway 
JNK and p38 responses require Raci, in addition to 
PlCyZ activation. In fad, either expreesion of a domi- 
nant^egative form of ftad or ios$ of PLCyl almost 
completely aboH^hea the BCR-mediated activation of 
JNK and p3e (Hashimoto et ah, 1998), Thus, to examine 
the role Of SINK in a Raci •dependent pathway, we 
analyzed JNK ar^d p36 responses in wHd-type and 
BLNK-deficient OT40 celle. Aa shown in Figure 6, BCR- 
medlated activation of both JNK and p38 was conri' 
ptetely abrogated in BU^K-delicient DT4D cells. Using 
a similar approach for exploring the contribution of 
PuC-y2 to eRK2 activation, we determined whether coli- 
gation of BCR and Fc-yRUI/PLC'^^ can restore the JNK 
and p3d responses in BLNK-deficlent cells. In contrast 
to restoration of the EfHK2 /-esponse by coligation of 
BCR and FC7Rin/PLC72 (Figgne 5A), coWgation of these 
receptors was unable lo restore the BCR-medlated acti- 
vation of both JNK and p98. Thus/ we conclude that 
loss of 6LNK affects not only the PLC72 pathway but 
also the Rad^dependent pathway. 



Diaoussion 

A strikind faatufe of ROR sigr^aling is that a variety of 
distmct &i9nalin9 pathways b^ome activated by mult)- 
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Fi0ure a. expr«>ciion of Membrane- Local*- 

(A) Sch«ma1ie diagrtm ol membrdpe 
ohinierd {mPLC-)r2). This \x composed o* 
(he eittracftl/uiar domain ol human FoRJUA 
(dfpino aaida (Ravetch Aod Porufrd^, 

1^09), uansfnemtorane domain «f the Ku- 
man T o«II racepf Of ^ chain (amino 4ci0s 30- 
$6] (Welidrtiaa «t qLi 193&). and ihe comploio 
ral PLC^S (Emo*^ 1909') as a ey^o- 

piasmic dodiain. 

(SJ Calcium mobinxattoft after califiaticin of 
SCR and lYttmbrin* p»L.C"y2 crhimera. For coli* 
gailOA, rdbOH «nti-mouse I3M wae «dd*(i 
prior to stimulation >wiih M4. An'ow tndtcatos 
t^€ «ddmon ol M4. SuHace ©Korotaion level 
of Fcvnil) l9 (ndioated in an in^t box* 
(O BCB^'fnduoA^ tycosme phospho'yteition 
o( mClC>2 In 6LNK-d©ticienf DT40 colls. 
Atier coIigaTton, JminunopreeipHa^^s with 
arrti'PLC-r2 Ab v-^i-* xnafyzed by Westcfn 
bloning w^h agio (uppei') or ^ntf-PuC^a Ab 
(bottom). 



(he key questions t$ the mechanism by which the BCR- 
activated PTKs MCiiVate the appropriate subset of sig- 
naling pathway* wUWn the cell. In the cas« of 5yk, at 
ieasr three sJgna*In9 pathways (PLC72, and Rac1 - 
JNK) have been identified as \\s downstream effectors 
{Takata et al., 1994* Hashimoto et aL, I9d8; Jiang et ai.. 
1 99d)- in (his studyi w-e provide genetic dvld^nce that 
©LNK functions as a coupl!n9 motecule to PLC>2 and 
^jacl pathways, out not to the Ras f>athway. 

A model ior the mechanism of SLNK^mediated activa- 
tion of PLC^z, baised on the data pressntod here, is 
shown in Figure 7, Previous studi&s have shown that 
Syk Is essential for tyrosine phosphorylation of tsoth 
BLNK and PLCv2 upon eCR engagement^ slnco Syk- 
deflctont DTaq cells fail to phosphoryfate chas« mole- 
cu!es (T akata et al., 1 994; Fu «t a»,, 1 998) In addition, the 



data shovvn in Figures 30 and 3D Indicate that tyrosine 
phosphorylation of BLNK by Syk Is an upstream event 
to PLCy2 phosphorylation! Thus, these findings suggest 
that thd phosphorylated BLNK brings PLCy2 into close 
pro:;cimity with the activated SyK and thereby fdcifltates 
the tyrosine phosphorylation and subsequent activation 
of PLC72, Consistent with this model, a membrane chi- 
mera FoRdl/PLC^^ was able to overcome the defects 
of PlX>i2 phosphorylation and its subsequent activation 
observed in BLNK-deflCient cells, when cross^linked to 
th0 BCH (Figure 4). The observation that tne BCR-medi- 
ated translocation of PLC72 to the membrane fraction 
is inhibited by loss of BLNK (Figure 3E), together wUh 
the evidence of colccalization of BLNK with Syk (C^ F, 
and K C* O,, unpublished dat«), further supports this 
model. 
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Figuie 5- ERK2 Peaponaes upoo ©Oft En- 
gagement 

(A) VariouB DT40 oollg were *t(rtiu(ateo with 
MA (4 *».o/mO for lndlcat«0 time. For mPLC-yE/ 
6LNK~, oells were irw:uhJied witn anti^mouse 
IgM (1 0 »ig/ml) for 6 min Def ore M<3 aimulaUon. 
PPK2 immunopi'eoIptt»p»d ;ind ^he pre- 
Ofpictui^' 'ww^f^ assayed for Ulnd&o activiiy us- 
ing QST-Siki lusiOrt protein i« q &v^stfale. 
The kir%A40 'Mctloa products w«tt» r^^tvod 
by 1^6% $D$*PAGE gel and jlutOradiogra- 
rnoo, Tne protein Mveis In Immuooprecipi- 
tales by Wvfttcrn bioi analysis were ahown in 
^ lower pariel, 

<©) Ar\alya»9 of F*flB aceivation by the Ra*-GTF 
mctbod. M4 stimuiaied cell lys&U» w«^e sub- 
jeolod to <»ffinity precipitation with GST-RBO. 
Aciiw&ied Hi5 protons, were OoT«cted by 
Weiitm blonin^ *wrlh anti-F^as Ab (upper), 
Similariyi (n« ?otal amoon; of R«» prot«lf> wa'j 
deiermined u^ing Th» call )y«ate (bottom). 
<C) Has proiftio cxprftsaion in eLNK-defiol«ni 
CG*ls eMprtjrlng Rmni7. expr»«9ioA was 
mcaflorAd by W«$tem blot anntysl^ usiog 
Bnti*B4$ Ab. 
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Ptgurt 6. BCR-lnducad JNK an^ c36 Activation in 0LNK- Deficient 
DT40 Cell$ 

Sttoiulallon wa£ canned o\f \ in Figure 5A. Ahdf Ma (a tu^m^ 
slimulatjon cqI) lysat^S were ImmUhOprecipit^tetl with anU* JNKI <A) 
WO *mi-p3fi Ab (S), kinase acifvlti^s w»rc as in Figui e 5a 

using GST-c-Ji/n and G5T'.ATF2 as subauaiee, respeclrvely. 



Buk. Addition to Syk, has been shown to be required 
for ma^irnum tyfOS'he phosphophorylation 
upon antigen receptor engagement and (1$ f ult activation 
fTakata and Kurosaki, 1 996; Fluckiger et al., 1 398). Since 
0CR-induced tyrosine phosphorylation o^ BLNK nor- 
mally occurs in Btk-ddljcient DT40 ce*ls (Fu et al., 1998), 



we propose thai attar PLC72 ts recruited to the menr 
brane fraction by SLNK, the membrane-associated Btk 
is ^hen able to ohosphofylate tyrosine residues on 
PLCyZ, lading to its Ml activation. Since Btk SH2 do- 
main, in addition to its PH domain j is required for fuJi 

PLCy2 phosphorylation in B calls (Takata and Kurosaki, 
1 996). 6tk SH2 domain might be recruited to vyrosine- 
phosphorylated BLNK, allowing Btk to phosphor/late 

As BLNK is structurally related to SLP-7e, BLNK fi'kefy 
plays a functionally simitar role in B cells as 
ptays in T cells. The calcium defect observed in the SLP- 
7e*deficient Jurkat T cell line (Yablonski et al., 1998), 
however, ts not so complete as the pnenotype observed 
in the BLNK^deficient OT40 B cells. This difference may 
be due to the residual expression of SLP-7e in the mu- 
tant Jurkat cell line, as mentioned in their report. Another 
posfiibiUty is that LAT, which i$ ekprassed in T but not 
In B cells (Weber et ai., 1 998; Zhang et at, 1 cooper- 
ates with SLP-76 in regulating the calcium signaling 
pathway. Thus, in the case of T cells, xhe existence ot 
LAT may rescue the calcium defect to some e)*tent even 
in the ab&ence of SUP-76. Addrtionai studies are under- 
way to further define the funcitcnaf parallels between 
the use o< these adaptor proteins In T and B cells. 

We have previously shown that the syner9fsiic action 
of Ra^ and PL072 pathways is required for BCR-induced 
ERK2 response in DT40 cells. The ERK2 response is 
panially blocked by (05s of PLCyZ or expression ot 
Rasfsll 7v while this response ifi completely abrogated by 
introduction of RaeNiT into The PLC^Z-defioieni mutant 
(Hashimoto et aK| 199S}« Thus, the partial inhibition of 
BCR-mediated ERKZ response in BLNK-defic»em DT40 
cells can be accounted tor by the defect of PLC'y2 path- 
way in this mutant cell. This explanation is supported 
by (1) Ras activation even in the absence of BLNK, as- 
sessed by binding to GST*Haf; (2) complete inhibition 
of the ERK2 response by the introduction of Ra3N17 
into the mutant cells( and (3) restoration of the ERKZ 
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Figure 7. Modd' for (he Mechantam of BLNK- 
Mediated Aotlv/aiion upon BCR Stimu* 
lation 

Upon ecn eT^9ft9«m«nli activated Syk pno^- 
p^oryi^tfri 8LNK, teadmg to its trqnsloo«Ion 
to Ihe membfAn^, Pho*pho<yiMed etNK 
bnnQF PLO72 into the ctos* proximity with 
the qctrvattd Syk in rhe meAibr^ixe, xf\«r«ty 
tocnUaWng tyro«iA6 phoephorylation of PlC-yZ 
by Syk. Membrane-localized Blk, prtsumebfy 
du« to i'^tenftcti'on between Its Ph domain fv*^ 
Pi S.<.6.p, (Siafim et al., tSSe: fltm»h 9\ al., 
lee^j fid(i*Ad 9\ ai.. lesfi; Fluek^er m ai„ 
l9dA), futrfh*^ phospho^Jatea oth^r TyroAin« 
^5tdvo$ on PUCfa, /♦SwWrtg irv H* fuM aciiva- 
tton. Adlvated PUC>2 hydrolyzes PI 4,5- P, 
(ottdirtQ to th*" ^nciT^frXlon or »econd messeft- 
9*ro, tpQand DAG. 
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response by QoUgat*on of BCR and Fc>RMI/PLC'y2 chi' 
merain ihe mutant coMs. Given the evidence thai translO' 
cation of Grb2 from th« cytoplasmic to the mftmbrane 
fraction is crrticaf for Bas activation in B cetis (H«shimc\o 
etal., 1 ddS), our data suggest that BUNK is not necessar- 
Hy r-equtred for recruitment of Grio2 to the membrane 
fractfon. Instead, Grt)2 might b© recruited to another 
linking molecuie, tyrosine phosphorylation of which is 
mediated presumably by Syk, since BCft-indoced 
response is oomplotety abrogated in Syk-deficient OTno 
o©»® (J»ana ®t fti., 1990) (Figure 6)- 

BLNK-d©fic»am oeUs were unable to actWat* JNK or 
p36 followmQ BCR Ugiation. Moreover, col<9atfon of 
the BCR and the Fc^Rtlt/PLC-rS, while $uffic»ent to re- 
srore calcium and £RK responses, failed to restore JNK 
and p36 activation (Rgure 6). Togetr^er, these results 
stror>g!y suggest that Raci activation is defective In 
eLNK-defioienl DT*0 cells, Indeed, expression of a 
domtnani-negative form of Raci in DT40 c«Us abrogates 
the JNK and p38 respoft&es (Hashimoto e\ al» 1996). 
Previous studies have shown that Vav and SLP-76 coop* 
erate in augmenting TCf^-rnediated fU2 transcWption 
(Wu et at, 1996; Raab et al.. 1 997) and chat BLNK associ- 
ates with Vav in activated 8 cells (Fu and Chan, 1997; 
Fu et aL, 1996; Wienands el aL. 1998). Thus, ft is most 
likely that BLNK is roouired for Vav activity in B cells. 
B^caus^ tyrosine-phosphoryiaied Vav is able lo cata- 
lyze GDP/GTP exchange activity on Raci {Crespo et aL, 
1 997), one potential mechanism is that 6LNK, like Hs 
role rn PLC*y2 activation, brings Vav to the proximky of 
activated Syk, thereby gllowing Vav to become phos- 
phorylated. 

The present findings demonstrate that BLNK func- 
tions as 3 switchboard, allowing PLC72 and Raci -JNK 
pathways to be turned on. Further selection for PLC72 
or Raci might be determined by phosphorylation of 
distinct tyrosine residues within BLNK, because BLNK 
has multiple tyrosine phosphorylation sites, Oiveti that 
the fate of B cells depends on which set of signaling 
pathways is connected from the BCR under a given 
circumstance (Heafy and Goodnow, 1996), it is reason- 
able to anticipate that selection of signaling pathways 
by BLNK is one otthe mechanisms for qualitative regula- 
tion of BCR signaling, leading to appro prr«te biological 
responses, 

Ooil« anil AnttbodiQs 

Wild~Typ« MtKi Its derivative mutanv 0T40 cflUs were cu^iurftd in RPMI 
1640 3upplenieot«d with iO% feta) cs*f nttvm (FCSJ, 1% ch/ckftn 
»«irvm, 50 >j.M 2-"Tt«^capto«lhanol, 2 mM L-Qtutamme, and ^ntlbiot" 
loi. Anti-BLNK At ot •Mi-P\iC-r2 Ab was obt«ined by immunizing 
robbits wfth bactadaHy «xpre6S9d GST (tiweM> protein cotfttfttning 
cnickert BLNK amino acid reflron), or chicken fiLCyZ ihAt 

»« corresponding lo mi PLC^g Sift-Sl 9 amino acid rvQion (gmofi «f 
at., 198S), pesptdlv^ly. The anti-chicken \gM Ab, Md (n, h) (Chen et 
a(„ 7962), which WM uMd rorEtimuiatton of BC*^i anif-phosphotyro* 
sine Ab (4G10), Anti^hicMen Lyn f%tbn anti-fnouse IgM Aft, gnti- 
ERK2 Ab, antl«p3€ Ab, artd anil-JNKl Ab w«r« described pr^vioutty 
(Tak^tA Ono ft\ I997j MAihUnotQ et al, 1000). ArtH- 

Ras Ab and PITC-CQniu^ied anti-numan Fc^y Aid AO were purchft^fto 
frwn Transduction Labomtori^s atxS tram Phflnnin9«n. resoeoiiv^ly, 

tKpr«s«fon CQn«iruci« »n0 Yrandectton 

Human H-Was sind ohioK«n 0LWK (longer iotm) cOMAa were clonod 

Into «xpr*iaioo v^cTO*' pApuVo (Takat«t Cf ftl.. 1 99^). The monnbranA 

'J C7Cn 'ANf 



PUC>r c^iimera cDNA (mPtCv2 in Figure A A,) was consrruot^d by 
using f*CH m•T^c^0 and cloned Imo pA^ro, Ty»e eONA o* PasNII? 
in pApufo v«ctor wa$ already de$cr(b«d (Ha<;himoto el at.. 19SS), 
The*€ cDNAi W#pe iranS»ectad by eleCiroporfttion at 530 V, 25 ^l?^, 
and sel<xfed in th» presence 0.5 u,g/ml puromyoin (Sionaa), Ex- 
presftton of transfecied cONA was confirmed py W** tem bloi analy- 
sis or PaCS analysis (mPLC^ZJ. C<*ll ftUTlacc expr^swlan at 6CR *nd 
PcvRfM wffe analyxed by PACScan (Becton Dicuirtsonj using FITC- 
conju^alad «mf'Chicken t^M or nTC'Coniu^tted Bnti'Human FcyRiM 
Ab, r»sp*et|vtV. The ¥ and y exes forth* hiatoprams indicai© fluo- 
resceriCft ini«n»<ly (4-decade*to5 scale*) «nd relative cell numbar. 
respecilveiy. 

PurJ'ioatien of Chicken ppao 

DT40 ceWs (I.S X 10*") were stimutBTed for 3 min at 2 X 10^ c«ils/ 
ml in RPMl IftdO with ma (3 ^tg/ml) ai 37*0. Celle were solubllized 
in 20 ml NP-^O lysie buffer (1 % 150 mM WaCI, 20 mM THs 

IpH 7.S1, anO 1 mM £DTA) conlarning 50 mM N«F, 10 sodium 
molybda^, 0.1 mM Kodlurn vane dale, and O.i mM pervana<late 
supplem«m«d ^^'U^ proiease inhibitors av described previously (Ta- 
kata et aiM .1994)« Aner cemrifugatlon h\ 13,000 k %^ dupemaunt 
was pf^otMned wltr> S ml ^rotetn C-S9ph«fOCe (Pharmacia) and 
then k>ad^ onto s 1 ml of 4Qi o- Prole in G-S«pharo9« column, which 
was washed A^guarrt^^lty wrth lysis buHer ^nd OBS b\jtter both eon- 
laining 0.1 mM 500ium vanadate, O.i mM pervan^daiex in a pro\c3(»e 
ifkhfbilprs. Phosphotyrosinvponlainirt^ proldlns Wdtfe eluted with 
^BS containing 50 mM phenylpnosph»rfe» O.i mM sodium vanadaie. 
0.1 mM oeh/dnQddT«. and proiea^e inhibiior'a. S*u«nT wcie passed 
over Sep^0d4X 0"2$ cotumn (Pharmacia) foe d<»iitl<'A^ and etuiad 
wah NP-40 oof*': (0.01% NP-'OO, 10 mM Tria ipM 7.51, and 1 mWl 
EOT A). Prot»1nr were concentrated, Bubjdowd lo SDS-PAGE get, 
iran^terrad to PVDF membrane (Apoired Blo&yiT«m«)p and stiained 
wiTh Ponceau S. Th« tt\nd for pp$0 was cvc'std 'Snd di^Cfled with 
A^hro/nobacler pfot«Aa« I and endoproleinaae Asp^^^. Digested 
peptidos were chrornBtOflr-ftphtO by ^e^^/ef5a -phase HPtC (Wako 
Pure ChemfCdi), and amino acid Eoquencins w«s porfcrmvd with a 
Oas-pnase £dOUenc«r (Sntmadzu, Model PP$0'23). we obiaioed 
«evGn peptide soqiteno^s &a shown in Figufe i A t«9«nde. 

Generation of BtNK-D«fictent DT^o Caiu 

A bp BLNK cDNA wa& clon^ by PT-PCR method uainy FINA 
(fofn DTdO & cells. This ffaQOitnl wss then used ss 6 propa for 
sccaening K ZAP DT40 cDNA Mbrary, Ffom 1 X no* plaqufta somened, 
twenty positl*^ cloneE wc^'e id*nt*fi*d and seven clones were runner 
churAotvnsed. The compute sequence of the ipneest in««n (2417 
bp encoding protetn of £62 arnino acid^ ihai contains all seven 
peptide sequences) hAS been deposited into G^nBank {Acce^ion 
No. AF0ed727K Four Qenomic clones were obtained by screenirYg 
X FIXU chicken genomic i\bJ%ry (1.3 x 10* pfaqiiCa) using the same 
3W bp DNA fragment as a probe. The targeting veciors, pQLWK- 
nec and pBtNK-hifiD, were constructed by replaotn© the genomic 
fre^mtnt containing axor\« ^hni correspond oMcken fitMt^ »mino 
acid residues £7-213, with neo and hisO cd$$eti^ <T<9il<ata el aU, 
1994>, Thece caaaerie?* war© flanked by 4.4 kb and 2.2 kb of 0LNK 
gfenomtc sequence on ihe 5' dnd 3* sioe, resp*oriv«jy. jransfacianta 
we^e selected in the preaenco of G41 « (2 m^in*) and clones were 
£craened by Southern blot inalysiss. The p3LNK«niiD Wfts as Bin 
transfscted into tnt neo tar^eied olone and selected wicn both 04i6 
{2 ms/ml) and hialidwl (1 rng/ml). Introduction of d slnple copy o( 
each tarQciing voctorwds verillec bV reprobing the bTots with Inier- 
rval rwo or hisO probe. DT40 ael|» deficient in PtC*/2 Syk were 
described pfevlou9ly (Taka^a at 1995). 

Northern Ciot Analysis 

RNA was pnspared from wild-type «nd QU^K-deficieni DT4Q cella 
U9in& th« 0ganidfum ihioeyanite method. Total RNA (20 119) was 
separated In 1.2% formaldehyda p&f, transferred to Hybond-N' 

fT^mbranc (Am Graham), ft/^d f»rob*d •^Ith ^-Mbeled eh'fCKAO cDNA« 
and B-sctM (Koct 4t ma). 

CafcHim Analysts 

Cette (5 X 10^ w«re 9uspef>ded in fSS conwin»ng SO mM H$Pes 
(pH 7-2), 5 fnM tflucwSe, 0-0a57<» BSA, und 1 wM CaCt,, and loaded 
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with 3 M.W Fur»-2/AM pi 37*C for 45 min. Cells were washed iwlct 
and adjusted lo 10* c«ili/rn|. For mPLC72 chimera (Figure ooli- 
gatron o< 6Cn and th^ chlmo'^ carried out by adding r^tbt^ 
anii-mouee tgM (10 (*g/mO Mfovrad by 4rtti-ch(cWan IgM MAb, Mfl 
(2 ud/mi). Concinuoue monUofrng oHluoFGEccnce fvom ihe eel) tUB- 
pension w4$ p«riormed using Hiiact\i F-2000 fhJor««eincfr $peciro- 
19hotom«rar (Hlta«ni) ftt 4n eKclt«((on wav«t*nelh of 340 nm and 
an emiss\9t\ wa^^ttft^ih of 510 nm, C^tibrdtion and circulation of 
caicfium (^«ls were done as Oe^cribed (Qpynki«wic* ei 61, n9S5). 

C«^« (J X 10*^ wefe sUmulated with MAb M4 (10 *i.g) at aZ'-C f<v 
indicated time. Kihctrc snHlysis cyf IP^ production was perranr>ed 
using BIOTf^AK IP, assay sydtem (Am#rvhami f oHowtng the m^nu- 

Immunoprecipitatton W«tt«m Blot Analysis 
For jmmunopreciptiation. oellfi wgre $olub(ttz«d in NP-40 lysis Dotf^r 
<upplQm«n(e<S with pro\ea9« »nd phcspnaUse inhibiior^ (TaHitA e( 
an.y ^99^}, and prectearod lyftAl«s were aequenlfally mcu&Aied wilh 
OfOpcf AO* and protein A-a^roce. LysMes or immunopn»clpjUt«& 
were separated by SDS«PA<SB gels^ transferred 10 nlfroceUulo^e 
mombranes, and detecled by aooropriale Ab£ and CCt. «yM«(T^ 
(Am#raham). 

In VUro Kinasie Away 

The assay condiiions were ue'&«fiwni pravtouaty (Hashimoto et ol., 
I9d0), tn bWvf, ly^tes from 2-5 X tO^ ceU» woro immunopfeojpicat«d 
by 1 B0iI'EftK2 AO, 1 snii'JNKI Ab, or 1 anti^pSB Ab wiih 
40 ^1 procetn-G Sepharo^e (Pha/'maC'«). Hair of immune cornpl«xed 
war* U3«d for in vilro kmase aswy «nd t^e resi fo^ Western blotting. 
tmmunoprecip>iat&& wara audp^nded in 30 krna^a as&ay ouf(«ir 
coniaming |v**P)aTP and 5 >»>4 cold ATP. GST-Elk, GST-c-Jun. or 
GST-ATF2 fusion protein u5 each) was addad 4 iybsvete for 
ERKS, JivlKl. or p3S, r^speotive^y, After 20 mln Inoubetion al 3QX, 
the reacUon was tormina I od by ihe addition ef SDS aampla buffer 
followed tiy boiling for B mift. The &ampteswer« *apamtad by $DS* 
PAG6 9el5. drfad, and subjected to autoradiography. 

Ras-GTP Assay 

BaQtariafty eKpreesed GST-R0P (Ra« brnd'ng domain i amrno acids 
1-149 of human cAaf-l fua^d to GST) prebounded ^lutotN'ona- 
Sapharoe^ b«ad& ^ s M-^ P^oked eeada, 20 ^9 of proletn) wero pre- 
pared as daacribed (Taytor and Sn^i»owQ^. 1996}. Human k*HM 
cDN A wae transtecif d roto wjid-iypa and ^LNK-defictent OT40 celns. 
W)td-iypa and mutant cella aKpro«SrOQ similar levels of Rae were 
sefaetod ttnd u^ed for (h]$ asaay, M4-»<imu(a(od cali lyaateft in Vlo^' - 
containing fysis buffer (Tayior and $^«^oway, 1996} were Incubated 
with the beads for 30 min at 4*0. Bwnd proteins wore «Mad with 
SDS-PAGE sample buffer and resolved en Mi.&% $DS-PaGE get 
and aubjecled lo Western b lotting wilh anIi-Ras Ab. 

SubceiMar Andlyal6 of PLCy2 

S«t>ceHu!ar fraction wat performed at 4^ ts described by Botland 
♦t ai. 09^^) with some mo^lffcatfons. Wild-(ye>e or eCNK*de<lciem 
Otao cells (1 X 10" each) w%fm filimulaied with (10 >i.Q/fnl> (or 3 
min at av-o (ert unstimulated. CeitQ were re^uspended In 1 ml of 
hypoionic lyal? buffer (1 0 mM Tris (pM e.O). g mM W^CI,, "I mM KCi, 
1 mM eOTA, 1 mM 6GTA. 1 mM sodimin vanadate, lO mM sodium 
molybdate. i mM DTT, 10 ft^ml leupeptin, 10 jig/ml aproilnin, 10 
^9^ml papBtaln^ Z mM bena;amidlna, 60 mM NaF, and «0 ng/mi 
PmSP) and Ciounce Kom«9enl»&0. Coll tyaatea were centrifuped at 
1,600 X g for 10 min- Th© rasuUtne sup<wtialant» were oentrrfuBed 
at 100,000 K g for 30 min. Praclpltates were washed twice in lys fs 
buTfor and res,u&^ended in lya^ ouffer containin© 1 % Triton X-IOO. 
Thoac wwspcntions wore camnlvp^d at 12,000 X g for 20 min. 
Protein© were scparatdd by 7% SDS-PAC5 gc» ar>d aAaiyxed by 

Vvc9torr Me fling anrl^uC^ AO- 
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